
I. Introduction

Molybdenum belongs to a unique family of transition

metals that are called `metals of life'; first of all, this is

associated with its catalytic properties. The phenomenon of

catalysis involving molybdenum compounds has existed

since the origin of life. Molybdenum is present in many

enzymes, in particular, xanthine oxidase, aldehyde oxidase

and sulfite oxidase, which accomplish important physiolog-

ical redox functions in a human body. They are involved in
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the nitrogen exchange via regulation of uric acid, promote

normalization of tissue respiration and cell growth and play

a considerable role in the fat and carbohydrate metabolism.

Apart from participating in the vital biochemical proc-

esses, molybdenum compounds and complexes catalyze a

multitude of organic reactions.

For instance, heterogeneous Co7Mo catalysts are

widely used in hydrotreating of petroleum feedstock to

remove sulfur, nitrogen, oxygen and resins.1 Molybdenum

complexes are among the best and versatile catalysts of

metathesis.2, 3 Catalysts for nitrogen fixation have been

developed on the basis of molybdenum compounds.4, 5

Molybdenum complexes catalyze a variety of oxidation

reactions, in particular, alkene epoxidation. The achieve-

ments and the progress in the application of molybdenum

compounds to catalyze hydrotreating, nitrogen fixation,

metathesis and epoxidation are extensively described in

subject reviews and monographs.3, 6 ± 14

A detailed review 6 on the application of molybdenum

compounds and complexes in the catalysis was published in

2004. In recent years, small reviews were published, discus-

sing allylic alkylation 15 ± 17 and C7H bond activation

reactions 18 catalyzed by molybdenum complexes and the

use of MoO2Cl2 in catalysis.13

As shown by analysis of published data, the range of

reactions involving Mo catalysts is being extended every

year, and this has stimulated us to attempt to summarize the

recent achievements and give a comprehensive view of the

catalytic potential of molybdenum compounds.

II. Epoxidation of alkenes

Molybdenum complexes are versatile and efficient catalysts

for epoxidation of alkenes of various structures with oxi-

dants such as hydrogen peroxide or alkyl(aryl) hydroper-

oxides. A large body of data on the use of molybdenum

compounds as catalysts of epoxidation of unsaturated

compounds has been accumulated in the literature and

surveyed in reviews and monographs.6, 12, 19 ± 22 Therefore,

in this Section of the review, we give a selection of the most

interesting earlier results and recent achievements on the use

of Mo catalysts in the epoxidation, including chiral reac-

tions.

In all of the known studies devoted to alkene epoxida-

tion, starting with the first publications,23, 24 the key chal-

lenge is the development of highly efficient, selective and

high-performance molybdenum catalysts suitable for oxida-

tion under mild conditions to give products in high yields.

Since the first studies, this problem has been mainly solved

empirically: by synthesis and testing of the catalytic proper-

ties for a variety of molybdenum compounds and complexes

that contained known activating ligands used in coordina-

tion chemistry and also new ligands, as these ligands have

been implemented into practical use.

In the first publications, commercially available and

inexpensive molybdenum compounds and complexes were

described as epoxidation catalysts, namely, MoCl5 , MoO3 ,

MoB2 , Mo(CO)6 , MoO2(acac)2 (acac is acetylacetonate);

MoCl5 , Mo(CO)6 and MoO2(acac)2 , which are readily

soluble in organic compounds, have been preferred.

One more circumstance is worth noting: in most cases,

the catalytic epoxidation in the presence of Mo complexes

was studied with a limited range of alkenes.

Sheldon and Van Doorn 25 investigated the liquid-phase

epoxidation of cyclohexene and oct-1-ene with tert-butyl

hydroperoxide in the presence of Mo(CO)6 . When the

reaction was carried out in benzene for 2 h at 80 8C, the
yields of cyclohexene and oct-1-ene epoxides were 94% and

64%, respectively (Scheme 1). Subsequently, using epoxida-

tion of oct-1-ene, researchers found that tetrachloroethane

was the solvent of choice for the reaction (90 8C, 2 h, 76%

yield of 1,2-epoxyoctane).26

Scheme 1

In a US patent,27 propylene epoxidation with tert-butyl

hydroperoxide was accomplished in the presence of

Mo(CO)6 , MoO3 or molybdenum naphthenate (MoNf3) at

elevated pressure (Scheme 2).

Scheme 2

Interesting results were obtained for epoxidation of

alkenes of complex structure, namely, D5-steroids and

terpenes, on treatment with tert-amyl hydroperoxide

(AmtOOH) in the presence of molybdenum complexes.28 ± 30

The stereochemistry of the reaction was found to depend on

the structure of the steroid molecule and the substituent

nature. Thus the ratios of 5a,6a- and 5b,6b-isomeric epox-

ides formed from b-acetoxycholest-5-ene (1), 3b-acetoxy-
spirostan-5-ene (2), solasodine O,N-diacetate (3) and

3b-acetoxyandrost-5-en-17-one (4) are 45 : 55, 35 : 65,

40 : 60 and 15 : 85, respectively. The oxidation of com-

pounds 1 ± 4 under these conditions proceeds smoothly

(Scheme 3).

Higher stereoselectivity of the reaction towards

5a,6a-oxides (95%± 100%) was achieved when steroids

1 ± 4 were epoxidized using the MoO5
.HMPA complex

(HMPA is hexamethylphosphoric triamide) taken in a

stoichiometric amount.30, 31 As regards epoxidation of ter-

penes, in particular, a-pinene (5), D3- (6) and D2-carenes (7),

they are converted under similar conditions to the corre-

sponding oxides in quantitative yields (Scheme 4).32

The possibility of epoxidation of oct-1-ene and 2-ethyl-

allyl ethylacrylate with ButOOH in the presence of molyb-

denum boride was demonstrated (Scheme 5).33 ± 36

The epoxidation of oleic acid (OA) was studied in the

presence of various molybdenum complexes such as MoNf3,

Mo(CO)6 , MoO2(acac)2 , H2[Mo2O4(ox)2(H2O)2] . 4H2O .

Me2CO (ox is oxalate), [MoO2(SAP)(EtOH)] (8) (SAP is

2-salicylidenaminophenolate).37 ± 41 The best results in the

OA oxidation with ButOOH were attained with the

MoO2(SAP)(EtOH) catalyst, which provided a *84%

yield of 9,10-epoxystearic acid (Scheme 6).41

ButOOH

O

(94%)

Hex

(64%)

Mo(CO)6

C6H6, 90 8C, 2 h
Hex O

Hex=n-C6H13

+ ButOOH
a, or b, or c

O

(a) MoNf3, ButOH, 80 8C, 2 h (34% yield); (b) Mo(CO)6, ButOH,

80 8C, 2 h (21%); (c) MoO3, 110 8C, 6 h (42%)
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Scheme 6

High activity and selectivity in the epoxidation of

(Z)-cyclooctene (9) to epoxide 10 under the action of H2O2

(9 : H2O2=1 : 3) was found for molybdenum complex 11

containing 1,10-dibenzyl-3,30-methylenediimidazoline-2,20-
diylidene in the coordination sphere (Scheme 7).42

Scheme 7
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The epoxidation of alkenes catalyzed by Z5-indenyl

molybdenum complexes has a low selectivity.43 Indeed, the

oxidation of dipentene (limonene racemate) (12) with

ButOOH in the presence of IndMo(CO)3Me (Ind is

Z5-indene) gives 1-methyl-4-(1-methylvinyl)-1,2-epoxy-

cyclohexane (13) as the major product, which is formed in

the highest yield when the reaction is carried out in a

water ± dichloroethane mixture. Simultaneously, the reac-

tion gives minor amounts of 4-(1,2-epoxyprop-2-yl)-

1,2-epoxy-1-methylcyclohexane (14) and 1-methyl-

4-(1-methylvinyl)cyclohexane-1,2-diol (15) (Scheme 8).

Scheme 8

A broad range of Mo catalysts (complexes 16, 17a,b,

18a,b, 19, 20a,b, 21a,b and 22a,b) was used in the epoxida-

tion of dipentene (12) with tert-butyl hydroperoxide. The

polunuclear molybdenum complex [Mo8O22(OH)4(di-But-

bipy)4] (16) [di-But-bipy is 4,40-bis(tert-butyl)-2,20-bipyri-
dine] catalyzes this transformation (55 8C, 24 h) to give

epoxide 13 in 79%± 85% yield depending on the presence

and nature of the co-solvent.44 Complex 16 is more active

than molybdenum dioxo complexes 17 ± 20 (Scheme 9).

High activity in the epoxidation of alkenes with

ButOOH was found for molybdenum carbonyl complexes

21a, 23a,b, 24 ± 26, 27a ± e, 28 and 29, which additionally

contain p-allyl,50 cyclopentadienyl,50, 53 ± 55 nitrile 56 or azo-

methine 57 ligands in the coordination sphere as well as the

Cl7, Br7, I7 and RCOÿ2 anionic ligands.50, 55, 56 With these

catalysts, epoxidation of (Z)-cyclooctene (9) can be carried

out under relatively mild conditions (24 h at 55 8C). ansa-
Complexes 27a ± d, in which the ansa-ligands are bound to

the metal in the Z5- and s-fashions are especially active.54, 55

With these catalysts, oxidation of (Z)-cyclooctene (9) pro-

ceeds at room temperature in 30 min to give 1,2-epoxycy-

clooctane (10) in a quantitative yield (Scheme 10).

In recent years, ionic liquids (ILs) have been widely used

in the synthetic practice. Owing to their strong polarizing

effect and mild solvation properties, ILs may serve as

templates for metal complex catalysts, thus stabilizing the
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[Mo] Formula Yield of 13 (%) Ref.

16 Mo8O22(OH)4(di-But-bipy)4 79 ± 85 44

17a MoO2Cl2(DMF)2 39 45

17b MoO2Cl2(OPEtPh2)2 73 46

18a MoO2Cl2(H2L1) 65 38

18b MoO2Cl2L2 15 ± 20 47

19 a MoO2Me2L3 47 48

20a MoO2L4 59 49

20b MoO2L1 50 38

21a (Z5-Cp)Mo(CO)2(Z3-C3H5) 70 b 50

21b c (Z5-Cp)Mo(CO)3Cl 21 51

22a MoO2Cl2L5 95 52

22b MoO2(OSiPh3)3L5 100 52
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active form of the catalyst and increasing the catalyst

performance. These properties of ionic liquids were fully

manifested in the epoxidation of (Z)-cyclooctene (9) in the

presence of molybdenum complexes 30 ± 32 containing

bipyridine and oxazolinylpyridine ligands in the coordina-

tion sphere (Scheme 11).58 ± 60

When the 1-n-butyl-3-methylimidazolium hexafluoro-

phosphate ([bmim][PF6]) ionic liquid is used as the solvent,

molybdenum complexes are activated with urea ± hydrogen

peroxide adduct [CO(NH2)2 .H2O2] towards epoxidation of

(Z)-cyclooctene (9) (Scheme 12).61

Scheme 12

In a number of recent studies, molybdenum oxo, dioxo

and peroxo complexes with various ligands have been used

as epoxidation catalysts. This choice of complexes was not

occasional, as the epoxidation involves strong oxidants

(RO2H, H2O2), which are able to convert any molybdenum

compounds to oxo, dioxo and peroxo complexes. It is

assumed that pre-synthesized molybdenum oxo, dioxo and

peroxo complexes would be more active than the low-

valence Mo complexes. Scheme 13 summarizes the results

of experiments on epoxidation of (Z)-cyclooctene (9)

with tert-butyl hydroperoxide in the presence of

molybdenum dioxo complexes 18a, 20a,b, 22a,b, 33, 34,

35a,b.38, 49, 52, 62 ± 65

Scheme 13

As can be seen from the presented data, the assumption

that molybdenum oxo, dioxo and peroxo complexes would

be more active in alkene epoxidation proved true only

partially. Irrespective of the ligand structure, the catalytic

activity of most Mo complexes in the oxidized form does

not differ significantly from the activity of known molyb-

denum compounds, Mo(CO)6 , MoO2(acac)2 and MoCl5 .

Exceptions are provided by the monomeric (36) and

polymeric (37 ± 39) MoVI pyridoxal thiosemicarbazone com-

plexes, which show high activities in the epoxidation of

(Z)-cyclooctene (9) with an aqueous solution of tert-butyl

hydroperoxide taken in 0.05 mol.% amount with respect to

alkene (Scheme 14).65

Scheme 14

In the series of molybdenum compounds, Mo2(OBut)6 is

distinguished by high activity; in the presence of this

catalyst, epoxidation of (Z)-cyclooctene proceeds at room

temperature and is completed within 40 min (Scheme 15).66
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[Mo] IL Yield of 10 (%) Ref.

30 [bmim]NTf2 31 58

31 [bmim]NTf2 72 59

32 [bmpy]BF4 65 60
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Scheme 15

III. Enantioselective epoxidation of alkenes

Epoxidation of mono-, di-, tri- and tetrasubstituted alkenes

gives rise to a chiral centre. Therefore, it is reasonable that

many authors who studied epoxidation of alkenes catalyzed

by molybdenum complexes made attempts to perform the

epoxide synthesis with asymmetric induction. This problem

was solved by the classic method, namely, by using chiral

ligands of various nature as parts of Mo-catalyst systems.

Traditional oxidants such as H2O2 , ButOOH,

PhCH(Me)OOH and Ph3COOH were used in these reac-

tions.

For instance, the asymmetric epoxidation of prochiral

(Z)-cyclooctene (9) (Scheme 16), dipentene (12) and

(E )-b-methylstyrene (40) with tert-butyl hydroperoxide or

hydrogen peroxide in chloroform or ethanol was carried out

in the presence of cis-dioxomolybdenum(VI) complexes

41a,b , 42 with chiral alkoxy(imino) ligands.67

Complexes 41b and 42 exhibited a very high catalytic

activity towards epoxidation of (Z)-cyclooctene (9).68, 69

Not inferior in activity were the molybdenum complexes

[MoO2X2L2] (X=Cl, Br, OSiPh3 , Me; L is 3,5-dimethyl-

pyrazole or L2 is 2,20-bipyridine, 4,40-dimethyl-2,20-bipyr-
idine, 2,20-bipyrimidine, 4-hexyl-40-methyl-2,20-bipyridine,
etc.) 38, 70 ± 74 and [MoO2(L,L)2] [(L,L) is 4-ethyl-2-(2-

hydroxyphenyl)oxazoline, etc.];75, 76 the epoxide yields in

the presence of these complexes were 60%±

100%.38, 69, 70, 77 ± 80

The enantiodifferentiating ability of complexes 41 and

42 examined in the epoxidation of (E )-b-methylstyrene (40)

proved to be very low (<2%).67

Chiral molybdenum(VI) complex 25 with the (N-benzyl-

oxycarbonylprolyl)cyclopentadienyl ligand catalyzes the

epoxidation of (E )-b-methylstyrene (40) with tert-butyl

hydroperoxide in chloroform, which proceeds at

300 ± 330 K for 4 h and results in a chemical yield of

98%.53 However, despite the relatively mild conditions, the

optical yield of (R,R)-(+)-[(R,R)-43)] and (S,S)-(7)-phe-

nylpropylene oxides [(S,S)-43] did not exceed 5%. The

decrease in the reaction temperature to 280 K did not

increase the enantioselectivity either. Under these condi-

tions, the reaction rate dropped to a minimum. It is note-

worthy that complex 25 markedly exceeds in the activity the

chiral complexes of the (Z5-Cp)Mo(CO)3X type 81, 82 in

similar reactions at 328 K (Scheme 17).

Scheme 17

Molybdenum complexes 44 and 45 containing a chiral

cyclopentadienyl ligand with an oxazoline substituent were

used as alkene epoxidation catalysts.83 However, the enan-

tiodifferentiating action of these complexes was found to be

weak. Epoxidation of (E )-b-methylstyrene (40) catalyzed by

these complexes at 25 8C for 16 h resulted in the formation

of a nearly racemic (E )-b-methylstyrene oxide 43 (ee4 5%)

(Scheme 18).

A higher enantioselectivity (ee=23%) 84 was observed

in the epoxidation of (E )-b-methylstyrene (40 ) with tert-

butyl hydroperoxide in toluene catalyzed by complexes

MoO2(L*)2 (46a ± d), MoO2Cl(THF)(L*) (47a ± f) and

MoO2Cl2(L**) (48a ± c) (Scheme 19).

In chloroform, the catalytic activity of the MoO2(L*)2
(46) type complexes was higher; however, the optical yield

of epoxides remained low (26%).68 A moderate catalytic

activity and low enantioselectivity were also found for

molybdenum complexes in which chiral ligands were repre-

sented by 20-pyridyl-substituted alcohols prepared from

carbohydrates Ð 1,2 : 5,6-di-O-isopropylidene-a-D-gluco-
furanose (D-49a and L-49a), 2,3 : 5,6-di-O-isopropylidene-

D-mannofuranose (49b) and 1,2 : 3,4-di-O-isopropylidene-

D-galactopyranose (49c) Ð in the epoxidation of (E )-b-me-

thylstyrene (40) with ButOOH and cumyl hydroperoxide at

PhMe, 80 8C, 40 min

9
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[Mo] : [9] : [ButOOH]=1 : 320 : 320
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(>98%, ee<5%)
[25] : [40] : [ButOOH]=1 : 100 : 200

ButOOH,
25 (0.017 mmol)

CHCl3,

300 ± 330 K, 4 h

9

[Mo] : [9] : [oxidant]=0.01 : 1 : 2, CHCl3 or EtOH, 50 8C

[Mo]

ButOOH or H2O2
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41a,b= , 42=
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O

O
O

O

O
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Mo

O

O O

O

Mo

O
N N

OO
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O

O

R=Bn (a), pic (b); pic is a-picolyl

Scheme 16

Oxidant Reaction conditions Yield of 10 (%)

41a 41b 42

ButOOH CHCl3, 1 h 73 98 96

H2O2 EtOH, 24 h 60 40 36

40
Ph

O

MePh

+ ButOOH
[Mo]

rt, 16 h

43

[Mo] : [40] : [ButOOH]=1 : 100 : 200

44= , 45=Mo
CO

CO

Ph Ph

Ph

N O

Ph Ph
+

BFÿ4

Mo

OC

MeCN

CO
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O

Ph

Scheme 18

[Mo] Yield of 43 (%) ee (%)

44 58 <5

45 14 <5
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70 8C for 6 h.85 A low enantioselectivity (13%± 20%) in the

epoxidation of (E )-b-methylstyrene with ButOOH was

found for ansa-Z5-cyclopentadienyl molybdenum com-

plexes: (S)-[Mo(Z5-C5H4CHPhCH2)(CO)3] (50a) and

(R,S)-[Mo(Z5-C5H4CHMeCHMe)(CO)3] (50b) 81 and mo-

lybdenum complexes containing chiral Schiff bases with

carbohydrate substituents, cis-diols and bidentate O,N-

(51a ± d, 52c),86 O,O- (52a), O,S- (52b) and N,S-ligands

(52d).69

A rather high enantioselectivity (80% ee) is observed in

the synthesis of a salt of (1R,2S)-(7)-1,2-epoxypropylphos-

phonic acid (fosfomycin) (53) via epoxidation of a salt of

(Z)-propen-1-ylphosphonic acid (54) with hydrogen perox-

ide in the presence of chiral molybdenum complexes:

MoO2(salen
0) (55) (salen0 is N,N 0-ethylene-1,2-diphenyl-

bis(3-tert-butyl-5-methylsalicylimine), MoO2[(+)-campy]2
(56) [(+)-campy is (1R,2R,4S)-1,7,7-trimethyl-2-(2-

pyridyl)bicyclo[2.2.1]heptan-2-ol], MoO2[(7)-fenpy]2 (57)

[(7)-fenpy is (1R,2R,4S)-1,3,3-trimethyl-2-(2-pyridinyl)bi-

cyclo[2.2.1]heptan-2-ol].87 It was found that the enantiose-

lectivity of the reactions in the presence of Mo complexes

55 ± 57 depends substantially not only on the nature and

PhMe, 55 8C, 4 h

[Mo]
+ ButOOHPh

40

46a ± d= , 47a ± f=Mo
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O

O

O
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*
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[Mo] Conversion 43: ee (%) [Mo] Conversion 43: ee (%)

of 40 (%) of 40 (%)

46a 47 5 (S,S) 47c 59 12 (S,S)

46b 46 1 (S,S) 47d 69 18 (S,S)

46c 23 3 (S,S) 47e 75 16 (R,R)
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structure of the chiral ligand, but also on the temperature

and solvent nature. The best results were obtained by using

complex 56 in CH2Cl2 (0 8C, 72 h). Under these conditions,

the yield of fosfomycin salt 53 was 100% and the optical

purity was 80% (Scheme 20).

Scheme 20

The highest enantioselectivity (95%) was achieved in the

epoxidation of mono-, di- and trisubstituted alkenes with

tert-butyl hydroperoxide, cumyl hydroperoxide

(PhCMe2OOH) and trityl hydroperoxide (Ph3COOH) in

the presence of MoO2(acac)2 activated by chiral bis-

hydroxamic acid (BHA) derivatives 58a ± d.88 The advan-

tages of the MoO(acac)27BHA catalyst system are high

stability in air, the ease of preparation of complexes and

versatile activity, which allows performing the reaction with

substituted alkenes of complex structure (Scheme 21).

IV. Oxyketonation and other oxidation reactions

A vivid example of the extensive synthetic potential of

molybdenum complexes in oxidative transformations is the

direct oxidation of trisubstituted alkenes to a-hydroxy
ketones on treatment with alkyl hydroperoxides.28, 89

This new type of alkene transformations, which is called

oxyketonation, has been studied in detail in relation to

steroids and terpenes.28, 89 It is noteworthy that the use of

excess oxidant is a necessary condition for the reaction of

trisubstituted alkenes to proceed towards oxyketonation.

Indeed, the oxidation of cholesterol (1) and diosgenin (2)

acetates on treatment with AmtOOH (2 ± 8 equiv.) gives

5a-hydroxy 6-ketones 59 and 60 in 85%± 90% yields. As

side products, 5a,6b-diols are formed (5%± 10% yield)

(Scheme 22).

Scheme 22

The oxidation does not affect the electron-deficient

double bond. For example, D16-dehydropregnenolone ace-

tate (61) is oxidized at the D5 bond, while the D16 double
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H H

POÿ3 HMe
54

+

O

H H

Me P

OH

O7

O

(S) (R)

7

CHH3N Me

Ph
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AcO
HO O

a
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(a) AmtOOH, MoCl5, C6H6, 60 8C, 2 h

[Mo] =MoO2(acac)27BHA (1 : 1); [Mo] : [alkene] : [ROOH]=1 : 50 : 75

ROOH, [Mo]

CH2Cl2, rt, 15 ± 46 h
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O

N
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58a ± d=
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R4 R3

R2 O
R2

R3
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R4

R0=4-XC6H4 [X=Me (a),

Pri (b), But (c), Ad (d)]O
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Scheme 21

Epoxide Li- ROOH Time Epoxide ee (%) Epoxide Li- ROOH Time Epoxide ee (%)

gand /h yield (%) gand /h yield (%)

58b Ph3COOH 20 60 90 (S,R) 58c PhCMe2OOH 40 95 85 (R)

58b Ph3COOH 18 98 95 (S,R) 58c PhCMe2OOH 36 84 82 (R)

58a Ph3COOH 20 94 92 (S,R) 58c PhCMe2OOH 40 92 50 (R)

58c ButOOH 20 92 96 (R,R) 58c PhCMe2OOH 40 95 85 (R)

58c ButOOH 36 44 62 (S,R) 58d PhCMe2OOH 42 82 76 (R)

Naph is naphthyl, Cy is cyclohexyl, Ad is adamantyl

O O
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O O
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O O
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bond adjacent to the keto group remains intact

(Scheme 23).89

Scheme 23

Oxyketonation of terpenes with a trisubstituted double

bond, a-pinene (5), a-cedrene (62) and 1-methylcyclo-

hexene, has been reported.89 The reactions with these

substrates were catalyzed by Mo(CO)6 (Scheme 24).

Scheme 24

The molybdenum acetylenide complex

(Z5-Cp)Mo(CO)3(C:CPh) (63) catalyzes the selective cis-

dihydroxylation of a number of alkenes with H2O2 . The

highest performance of the catalyst is observed in tert-butyl

alcohol (Scheme 25).90

Scheme 25

The molybdenum oxo(peroxo) complex

MoO(O2)(phox)2 (64) [phox is 2-(2-hydroxyphenyl)oxazo-

line] catalyzes the oxidation of cyclohexane, toluene and

ethylbenzene with hydrogen peroxide (Scheme 26).91

The molybdenum complex with the 8-hydroxyquinoline

ligand, MoO(O2)(QO)2 (65 ) (QO is 8-quinolinolate anion)

is an efficient catalyst for the side-chain oxidation of

methylbenzenes (toluene and o- and p-xylenes) with the

H2O27O2 system to give the corresponding carboxylic

acids (Scheme 27).92

Scheme 27

R1 R2 Yield (%)

H H 95

2-Me 2-CO2H 76

4-Me 4-Me 88

The AmtOOH7MoCl5 reagent actively oxidizes secon-

dary alcohols to ketones. In the presence of MoCl5, cyclo-

hexanol and 3-b-cholestanol (66) are oxidized with tert-

amyl hydroperoxide to give ketones in 80% yield

(Scheme 28).93

Scheme 28

An important application of the AmtOOH7MoCl5
reagent is the selective oxidation of carbohydrates to keto

sugars. Treatment of D-glucofuranose diacetonide (67) with

excess AmtOOH in the presence of MoCl5 in boiling

benzene gives D-ribohexofuranose diacetonide 68. Allofur-

anose diacetonide 69 is oxidized to give ketone 68 in an

equally high yield (Scheme 29).93, 94

AcO
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HO

O (60%)

(a) AmtOH, MoCl5, 60 8C, 2 h

Ac Ac
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(38 mmol)

65 (0.0115 mmol)

MeCN, 77 8C, 6 h

CO2H
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OOH
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O

(a) AmtOOH, MoCl5, C6H6, 60 ± 80 8C, 3 ± 20 h;
[alcohol] : [AmtOOH]=1 : 3

a

OHO

+

(53%, 9.2 : 1)

a

CH2OHCHO

+

(51%, 9.4 : 1)

a

CH(Me)OHC(O)Me

+

(48%, 9.7 : 1)

a

(a) H2O2, 64 (2 mol.%), rt, 12 h

Scheme 26
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The degree of oxidation of carbohydrates depends on

the structure and nature of protecting groups.93, 94 For

example, the conversion of dicyclohexylideneglucose (70)

to the corresponding keto sugar 71 is 60%. The oxidation of

1,2-isopropylidene-3-O-methyl-6-O-tosylglucofuranose (72)

does not proceed at all, the initial compound being recovered

unchanged (Scheme 30).

Scheme 30

Molybdenum dioxo complexes with isothiocyanate and

bipyridine ligands, (PPh4)2[MoVIO2(NCS)4] (73),

MoVIO2(NCS)2(di-But-bipy) (74) and Mo2VIO5(NCS)2(di-But-

bipy)2 (75), catalyze the oxidation of benzyl alcohol with

dimethyl sulfoxide to give benzaldehyde.60 Cyclohexanol is

converted under similar conditions to cyclohexanone, but in

a low yield (Scheme 31).

Scheme 31

Molybdenum peroxo complex 76 stabilized by a biden-

tate ligand, picolinic acid, catalyzes the oxidation of secon-

dary alcohols (Scheme 32).95

The AmtOOH7MoCl5 reagent smoothly oxidizes

1,2-diols to a-hydroxy ketones.93, 94 For example, secon-

dary-tertiary a-glycols Ð 3b-acetoxycholestane-5a,6b-diol
(77) and 3b-acetoxyspirostane-5a,6b-diol (78) Ð are oxi-

dized at position 6 to give the corresponding 5a-hydroxy
ketones 59 and 60 in high yields (Scheme 33).

Under similar conditions, trans-cyclohexane-1,2-diol

and pinane-2a,3b-diol (79) are easily oxidized to give

2-hydroxycyclohexanone and 2-hydroxy-3-pinanone

(hydroxypinocamphone, 80), respectively (Scheme 34).

Scheme 34

Molybdenum cyclopentadienyl complexes 24 and 81 ± 83

catalyze the phenol oxidation to hydroquinone with hydro-

gen peroxide in water. Oxalic acid is formed as a side
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product (Scheme 35).96 Complexes 24 and 83 were most

active in this reaction. In the absence of catalysts, phenol is

oxidized to p-benzoquinone and o-benzoquinone.

V. Oxidation of sulfur-, nitrogen- and
phosphorus-containing compounds

Quite a few studies are devoted to the oxidation of sulfur-

containing derivatives with hydroperoxides in the presence

of Mo catalysts. An early paper 97 published in 1966 was

concerned with the oxidation of thioanisole with tert-butyl

hydroperoxide in the presence of the MoO2(acac)2 catalyst

(Scheme 36).

Scheme 36

A series of studies of Tolstikov et al.98, 99 described the

MoCl5- and Mo(CO)6-catalyzed oxidation of alicyclic sul-

fides 84a ± c and sulfur-containing aromatic heterocycles

85a,b and 86a,b with tert-amyl hydroperoxide. By varying

the hydroperoxide concentration, one can control the

degree of oxidation of sulfides to the corresponding sulf-

oxides and sulfones, which are formed in nearly quantitative

yields (Scheme 37).

The molybdenum dioxo complex MoO2Cl2(DMSO)2
(87) catalyzes the oxidation of thiols 88 to disulfides 89

with dimethyl sulfoxide, which is taken in excess and

functions simultaneously as the solvent (Scheme 38).100

Scheme 38

R Condi- Yield of R Condi- Yield of

tions 89 (%) tions 89 (%)

Ph a 98 2-Py a 89

2-ClC6H4 a 94 2-OHCC6H4 a 91

4-ClC6H4 a 95 2-Me2(HO)CC6H4 a 98

4-MeC6H4 a 96 Bn b 94

4-MeOC6H4 a 95 n-C8H17 b 87

2-H2NC6H4 a 91 n-C12H25 b 86

2-HO2CC6H4 a 90 But b 85

(a) 87 (1 mol.%), rt, 30 min; (b) 87 (5 mol.%), 70 8C, 6 h; Py is pyridyl.

The molybdenum oxo peroxo complex MoO(O2)(phox)2
(64) catalyzes the oxidation of methyl phenyl sulfide to

methyl phenyl sulfoxide under the action of tert-butyl

hydroperoxide 101 (Scheme 39).

Scheme 39

Methyl p-tolyl sulfide can be oxidized to the sulfoxide on

treatment with hydrogen peroxide or tert-butyl and cumyl

hydroperoxides in the presence of molybdenum complexes

90a,b containing tert-butylphenolamine ligands in the coor-

dination sphere. The best results were obtained with the use

of H2O2 (Scheme 40).102

The molybdenum cyclopentadienyl complexes

(Z5-Cp)Mo(CO)3Cl (24), (Z5-Cp*)Mo(CO)3Cl (Cp*=

C5Me5) (81) and (Z5-Cp)MoO2Cl (91) catalyze the oxida-

tion of sulfides to sulfoxides and sulfones on treatment with

hydrogen peroxide.103 The reaction proceeds at room tem-

perature over a period of 1 ± 5 h (Scheme 41).

MoO2Cl2 is a fairly active catalyst for the oxidation of

disulfides to sulfoxides with H2O2.104 The oxidation of

disulfides affords sulfoxides, no disulfoxides or sulfones

being formed even with excess hydrogen peroxide

(Scheme 42).

Molybdenum(V) complexes with chiral b-cyclodextrin
containing 2,3- and 2,4-dihydroxybenzyl ligands show high

activity towards oxidation of aromatic sulfides with hydro-

peroxides. The reaction has high enantioselectivity, the

product configuration depending on the number and struc-

ture of the Mo complex.105 The oxidation of alkyl aryl

sulfides with trityl hydroperoxide catalyzed by the
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MoO2(acac)2758b system occurs with high conversion of

the starting compound and high enantioselectivity

(Scheme 43).106

Dialkyl, alkyl aryl and diaryl sulfides, selenides, tellur-

ides, sulfoxides, selenoxides and telluroxides are oxidized

with molybdenum peroxide in THF at 65 8C to the corre-

sponding sulfones, selenones and tellurones (Scheme 44).107

Scheme 43

R1 R2 Yield of sulfoxide (%) ee (%)

Ph Me 81 79 (S)

4-MeC6H4 Me 75 81 (S)

2-MeC6H4 Me 76 75 (S)

Ph Et 81 82 (S)

Ph Pri 66 62 (R)

The authors noted that the oxidation of selenides,

sulfides and tellurides proceeds via the formation of selen-

oxides, sulfoxides and telluroxides, respectively; therefore,

the oxidation of Se, S and Te oxides requires a lesser

amount of the molybdenum complex.

Scheme 44

Hydrogen peroxide oxidizes 4-(methylthio)benzalde-

hyde oxime in the presence of MoO2Cl2 to give the corre-

sponding sulfoxide, while in the presence of MoO2(acac)2, a

complex mixture of the products is formed as a result of

oxidation of the oxime group to the aldehyde one

(Scheme 45).104

Molybdenum compounds catalyze the oxidation of

tertiary amines to N-oxides on treatment with hydroper-

oxides (Scheme 46).108
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PhCMe2 90a CDCl3 47 90

PhCMe2 90b CDCl3 60 91

But 90a CDCl3 30 83
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4-ClC6H4

S

O O

R1 R2

Scheme 41

R
S

S
R
+H2O2

MoO2Cl2

MeCN, rt, 5 ± 10 min R
S

S
R

O

(95%±96%)
R=But, Ph

Scheme 42

CH NOH

SMe

H2O2 (1.05 equiv.),
[Mo] (1.5 mol.)

Me2CO, 20 8C

CH NOH

S(O)Me (95%)

CH NOH

SMe

+ +

MoO2Cl2

MoO2(acac)2

CH NOH

S(O)Me

CH NOH

SO2Me

+

CHO

SMe

(72% conversion; 9 : 1.7 : 1 : 20 : 1)

+

CHO

S(O)Me

Scheme 45
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Scheme 46

The AmtOOH7MoCl5 reagent smoothly oxidizes aza

heterocycles to N-oxides in boiling benzene.93, 109 The yields

of the corresponding N-oxides depend on the structure of

the aza heterocycle and the nature of the substituent and

reach 100%. Of considerable interest is the oxidation of

phenazine, which is converted to the dioxide in a high yield

(Scheme 47).

Scheme 47

Tolstikov et al.110 performed dehydrogenation of a

number of 1,4-dihydropyridines on treatment with tert-

butyl, tert-amyl and cumyl hydroperoxides in the presence

of MoCl5 . The reaction does not stop after the formation of

pyridines, but continues, resulting in pyridine N-oxides as

the final products (Scheme 48).

Scheme 48

The oxidation of Schiff bases 92a,b with AmtOOH in the

presence of MoCl5 and Mo(CO)6 affords oxaziridines 93a,b

in 85%± 90% yields (Scheme 49).111

Scheme 49

Dzhemilev et al.112 described an original method for the

synthesis of alkenes from ketones via ketazines, which are

oxidized with tert-butyl hydroperoxide in the presence of

MoCl5 or Mo(CO)6 as catalysts. The reaction is accompa-

nied by nitrogen evolution and gives an alkene and a ketone

(Scheme 50).

Scheme 50

According to authors' assumption, the reaction pro-

ceeds via the formation of a diazo compound.

The molybdenum xanthate complex MoO2(Et2NCS2)2
(94) behaved as an efficient catalyst in the aerobic selective

oxidation of benzyl azides to aldehydes.113 The reaction

patterns were investigated considering the oxidation of

p-methoxybenzyl azide (95a) as a model substrate. The

reaction is general; it can also be carried out for other

benzyl azides 95b ± h (Scheme 51).

Scheme 51

Hydrogen peroxide oxidizes aniline and its derivatives in

the presence of molybdenum complexes to give nitroso

compounds 96a ±m.114 The highest yield of nitroso com-

pounds is observed in a tert-butyl alcohol solution.

The turnover number (TON) for the catalyst

(Z5-Cp)Mo(CO)3(C:CPh) (63) in this reaction was 470,

which is much higher than that for MoO(O2)(H2O)(HMPA)

(TON& 9) 115, 116 or MoO2(acac)2 (TON<10) (Sche-

me 52).117

The high oxidative ability of the AmtOOH7MoCl5
reagent is well illustrated by the oxidation of N-nitros-

amines 97 and 98a,b to give nitramines 99 and 100a,b

(Scheme 53).93, 109, 111

Molybdenum dioxo complexes such as

MoO2X2(DMSO)2 (X=F, Cl, Br) catalyze the oxidation

of triphenylphosphine (Scheme 54).118 Fairly high activity

in the PPh3 oxidation was found for MoO2(dtc)2 (dtc is

diethyldithiocarbamate). However, it is unstable in DMSO

and decomposes to unidentified compounds, which are

more active than the initial complex.

N
Me

Me
C12H25 + ButOOH

Mo(CO)6
N

Me

Me
C12H25

O(78% conversion) (86%)

ButOH,

86 8C, 2 h

R=H (100% yield), 2-Me (100%), 3-Me (100%), 2-Ph (95%),

3-CN (80%), 3-Br (90%), 3-CO2Me (90%),

3-C(O)NH2 (50%), 4-(4-Py) (80% of dioxide)

N

R
a

1 ± 2 h
N

O

R

N

a

2 h
N

O (100%)

N

N
a

5 h
N

N

O

O

(85%)

N

R
AmtOOH7MoCl5

80 8C, 2 h
N

O

R

R=H (100% yield), 2-Me (100%), 2-CO2Me (90%)

(a) AmtOOH7MoCl5, 80 8C

R1=CO2Me, R2=H; R1=CO2Et: R2=H, Et, Prn, Ph,

3,4-(MeO)2C6H3; R3=But, Amt, PhCMe2

R2

R1R1

H
N

H
R3OOH,

MoCl5

N

R1R1

R2

(90%± 95%)

N

R1R1

R2

O

R

R Cy

N + AmtOOH

92a,b

R=Me (a, 85% yield); R7R=(CH2)5 (b, 90%)

[Mo]

C6H6, 80 8C, 2 h
R

R

N

Cy

O

93a,b

N N

n n

ButOOH,

[Mo]

7N2 n
+

O

n

(50% conversion, 1 : 1)

[Mo]=MoCl5 or Mo(CO)6, C6H6, 80 8C, 1 h; n=1±4

R1

R2

N3
+ O2

94

PhMe, 100 8C,
6 ± 36 h

R1=H: R2=OMe (a, 86% yield), H (b, 78%), Cl (c, 61%),

CH(OH)Me (d, 88%), Me (e, 95%), Ac (f, 48%);

R1=R2=OMe (g, 82%); R1=OMe, R2=OAll (h, 92%)

95a ± h

R1

R2

CHO
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Scheme 54

Catalyst Time /min Conversion of PPh3 (%)

MoO2X2(DMSO)2
X=Cl 60 95

X=Br 200 90

X=F inactive 7
MoO2(dtc)2 230 90

VI. Generation of ROX and HOX (X=Cl, Br)
and oxidative reactions involving them

Recently, it was found that molybdenum compounds and

complexes catalyze an unusual reaction of alcohols with

halomethanes, resulting in the formation of highly reactive

molecules, alkyl hypohalites (Scheme 55).119, 120 For exam-

ple, the reaction of CCl4 with methanol in the presence of

catalytic amounts of Mo(CO)6 (150 8C) yields methyl hypo-

chlorite, the concentration of which in the reaction mixture

is 3.5 mg ml71 after 20 min.121

Scheme 55

It is known that alkyl hypohalites (ROX) and hypochlo-

rous (hypobromous) acid (HOX) are strong oxidants; there-

fore, the generation of these species in situ under the action

of molybdenum complexes has been used in a series of

studies to conduct oxidation reactions.119, 122 In particular,

it was found that ROX and HOX actively oxidize the initial

alcohols and convert them to aldehydes (acetals), ketones

(ketals) and esters.119, 122 For example, methanol reacts with

CCl4 in the presence of Mo(CO)6 to give dimethoxymethane

(Scheme 56).119

Scheme 56

Under similar conditions, ethanol is converted to ethyl

acetate and diethoxyethane (Scheme 57).119

Scheme 57

Higher primary alcohols, for example, butyl alcohol,

react non-selectively with CCl4 in the presence of Mo(CO)6.

In parallel to oxidation, substitution chlorination of alcohol

at the OH group takes place. However, if methanol, which is

readily oxidized to methyl hypochlorite, is added to the

reaction mixture (ROH :MeOH=1 : 1), the oxidation

becomes the major pathway of transformation of higher

alcohols (Scheme 58).119

Scheme 58

Under similar conditions, benzyl alcohol is oxidized to

give benzaldehyde, methyl benzoate and benzyl methyl

ether. Benzyl chloride is formed as a side product

(Scheme 59).

Scheme 59

The oxidation of secondary alcohols under the action of

CCl4 in the presence of Mo(CO)6 results in the formation of

ketones. However, their yields are, most often, moderate,

because the substitution chlorination is the predominant

pathway of the reaction between CCl4 and secondary

alcohols (Scheme 60).119

Scheme 60

However, if the reaction is carried out with the addition

of methanol, which is easily oxidized to methyl hypo-

chlorite, the yield of the ketone considerably increases

(Scheme 61).119

PPh3 + DMSO
MoO2X2(DMSO)2

36 8C
OPPh3

CX4 + ROH
Mo(CO)6

7CHX3

ROX

X= Cl, Br

MeOH+ CCl4
Mo(CO)6

408C, 3 h
CH2(OMe)2

(64%)

140 8C, 3 h

Mo(CO)6
EtOH+ CCl4 MeCO2Et +MeCH(OEt)2

(38% conversion, 1 : 1)

Mo(CO)6

170 8C, 3 h
BunOH+ CCl4 +MeOH

(39% conversion, 1 : 2 : 1)

PrnCO2Me + PrnCO2Bun + BunCl

170 8C, 6 h

Mo(CO)6
BnOH+MeOH+ CCl4

(100% conversion, 4 : 1 : 4 : 2)

PhCHO+ PhCO2Me + BnOMe + BnCl

Mo(CO)6

150 ± 160 8C, 3 h
RCH(OH)R0 +CCl4

(60%± 80% conversion, 1 : 4)

RC(O)R0 +RCH(Cl)R0

NH2

Rn

+H2O2

63

ButOH, 22 8C,
12 h

N O
Rn

96a ±m

Scheme 52

Compound 96 Rn Conversion (%) Selectivity (%)

a H 97 97

b 4-Me 100 99

c 2,6-Me2 75 99

d 4-OMe 83 97

e 2-NH2 77 98

f 4-NH2 84 99

g 2-OH 73 98

h 4-OH 75 98

i 2-Cl 60 96

j 3-Cl 72 99

k 2-F 79 79

l 3-F 80 74

m 4-NO2 85 95

Me2N NO

97

AmtOOH7MoCl5

C6H6, 100 8C, 10 h
Me2N NO2

99 (70%)

NX NO

98a,b

AmtOOH7MoCl5

C6H6, 100 8C, 10 h
NX NO2

100a,b (80%)

X=CH2 (a), O (b)

Scheme 53
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Scheme 61

It was found that Mo(CO)6 catalyzes the reaction of

halomethanes (CCl4 , CBr4 and CBrCl3) with one more

compound containing a hydroxy group, namely, with

water. In this case, the reaction products are hypochlorous

or hypobromous acid and chloroform or bromoform

(Scheme 62).123 ± 125

Scheme 62

The concentration of HOX depends on many factors

(temperature, nature of the halogen, reaction time and the

presence of other substrates) and can reach 3.2 mg ml71 for

HOCl and 8.5 mg ml71 for HOBr.123 ± 125

It is known that hypochlorous and hypobromous acids

are stronger oxidants than alkyl hypohalites. For this

reason, their in situ generation in the H2O7CX47Mo(CO)6
system was employed to carry out the oxidative trans-

formations of hydrocarbons.

Using the CBr47H2O7Mo(CO)6 system, adamantane

was oxidized to adamantan-1-ol.123, 126 Simultaneously,

CBr4 was converted to bromoform (Scheme 63).

Scheme 63

According to iodometric titration, apart from adaman-

tanol and CHBr3 , the reaction mixture contained `active

bromine' in a concentration of 0.9 mg ml71. The authors

assumed that hypobromous acid, which is formed in situ

during the reaction, is responsible for the oxidation.

The oxidation of adamantan-2-one under similar con-

ditions occurs over a period of 10 h and gives 1-hydroxy-

adamantan-4-one (Scheme 64).127

Scheme 64

The replacement of CBr4 in the oxidative system by CCl4
decreases the reaction temperature to 140 8C; however,

more prolonged heating (13 h) is needed in this case to

reach the complete adamantane conversion.124 Owing to

side reactions, in particular, chlorination, the composition

of products is more complex: along with adamantan-1-ol,

the reaction mixture was found to contain adamantane-1,3-

diol, adamantan-2-one and 3-chloroadamantan-1-ol

(Scheme 65).

Scheme 65

The selectivity of the reaction of adamantane with the

CCl47H2O7Mo(CO)6 system considerably increases upon

the addition of a phase transfer catalyst Ð tetra-n-butyl-

ammonium bromide (TBAB) ([Mo(CO)6] : [TBAB]=1 : 1).

In this case, adamantan-2-one is formed as the major

product (Scheme 66).124 According to authors' assumption,

the agent responsible for adamantane oxidation is hypo-

chlorous acid, the presence of which in the reaction mixture

was confirmed by the presence of an absorption peak at

229 ± 236 nm typical of HOCl that was observed in the UV

spectrum.128

Scheme 66

1-Substituted adamantanes, including adamantan-1-ol,

1-chloro-, 1-bromo-, 1-acetyl-, 1-amino- and 1-(1-amino-

ethyl)adamantanes and adamantane-1-carboxylic acid

undergo hydroxylation on treatment with the

CBrCl37H2O7Mo(CO)6 oxidative system (Scheme 67).124

Scheme 67

R Product yield (%) R Product yield (%)

OH 86 NH2 80

Cl 80 CH(NH2)Me 98

Br 92 CO2H 58

Ac 98

1-(1-Aminoethyl)adamantane was hydroxylated with

the CBrCl37H2O7Mo(CO)6 oxidative system.129 The

reaction proceeded at catalyst concentrations below

3 mol.% with a substrate conversion of 99% (Scheme 68).

A second representative of the adamantane series, di-

amantane (101), is oxidized rather actively (up to 75%

conversion) with the CBrCl37H2O7Mo(CO)6 system fur-

nishing a mixture of 1-hydroxy- (102a) and 4-hydroxy-

n-C8H17CH(OH)Me + CCl4 +MeOH n-C8H17C(O)Me
160 8C, 3 h

Mo(CO)6

(57% conversion, 90% selectivity)

CX4 + H2O
Mo(CO)6

HOX+ CHX3

X= Cl, Br

+ CBr4 + H2O

Mo(CO)6,
150 8C, 3 h

7CHBr3

OH

(85%)

7CHBr3

Mo(CO)6,
150 8C, 10 h

O

+ CBr4 + H2O

(85%)

OH

O

+ CCl4 + H2O
Mo(CO)6

140 8C, 13 h

OH

+

OH

OH
+

O

+

Cl

OH

(100% conversion, 4 : 2 : 1 : 1)

(a) CCl4, H2O, Mo(CO)6, TBAB (1 : 1), 140 8C, 13 h

a

(100% conversion, 1 : 2)

O

+

OH

+ CBrCl3 + H2O
R

Mo(CO)6

150 8C, 6 h

OH

R

[Mo(CO)]6 : [substrate] : [CBrCl3] : [H2O]=1 : 100 : 100 : 4000
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diamantanes (102b) (2 : 1) in a total yield of 75%

(Scheme 69).124

Scheme 69

The CBr47H2O7Mo(CO)6 system selectively oxidizes

cyclohexane to give cyclohexanol (Scheme 70).130

Scheme 70

VII. Transformations of epoxides under the action
of molybdenum complexes

Molybdenum complexes catalyze various reactions of epox-

ides. For example, molybdenum hexacarbonyl facilitates the

isomerization of epoxides to give ketones and aldehydes.131

Refluxing of dimethoxyethane solutions of 2-phenyloxir-

ane, 2,3-diphenyloxirane, 2-methyl-2-phenyloxirane,

2,2-diphenyloxirane, 3-phenyl-2-vinyloxirane and 2-phenyl-

vinyloxirane in the presence of catalytic amounts of

Mo(CO)6 gives rise to the corresponding aldehydes in

18%± 75% yields (Scheme 71). A side reaction is deoxyge-

nation of the epoxide, resulting in the parent alkene. In the

case of 2,3-diphenyl- and 2-methyl-2-phenyloxiranes, minor

amounts of ketones are also formed.

The isomerization of a-pinene oxide, resulting in a

mixture of products comprising 103 ± 106 and other com-

pounds, was accomplished using molybdenum indenyl com-

plexes: IndMo(Z3-C3H5)(CO)2 (107a), (Me-Ind)Mo(Z3-

C3H5)(CO)2 (107b) and (Me3 Si-Ind)Mo(Z3-C3H5)(CO)2
(107c) (Me-Ind and Me3Si-Ind are 1-methyl- and 1-trime-

thylsilylindenyl, respectively).132 The activities of molybde-

num complexes 107a ± c towards isomerization of pinene

oxide are nearly equal, but are still lower than the activity of

the tungsten indenyl complex IndW(Z3-C3H5)(CO)2 (108)

(Scheme 72).

Whereas in the presence of a catalytic amount of

Mo(CO)6, epoxides are mainly converted to aldehydes,

heating with a stoichiometric amount of Mo(CO)6, results

in deoxygenation to give the parent alkenes (Scheme 73).133

Scheme 72

Catalyst Substrate Selectivity (%)

conversion (%)

103 104 105 106 other

products

107a 64 52 19 7 5 17

107b 66 57 19 10 6 8

107c 61 54 19 6 4 17

108 93 57 20 5 8 10

Scheme 73

When triphenylphosphine is used as the oxygen acceptor

in the deoxygenation of 2-phenyloxirane to give styrene, no

excess catalyst is needed (Scheme 74).134

+ CBrCl3 + H2O
Mo(CO)6

140 8C, 12 h

101 OH

+

OH

102a (2 : 1) 102b

125 8C, 6 h

Mo(CO)6
+ CBr4 + H2O

OH

(85%)

OHO
OH

O

+ + +

103

104

105 106

O Cat

DCE, 55 8C, 1 h

O
Ph

R

Mo(CO)6 (1 equiv.)

C6H6, PhMe, D, 2.5 ± 6 h

Ph

R

R=Bz (70% yield), CO2Et (90%), CH2OAc (88%), Ph (84%)

[Mo(CO)]6 : [substrate] : [CBrCl3] : [H2O]=3 : 100 : 100 : 4000

140 8C, 10 h

CBrCl3, H2O,
Mo(CO)6

NH2
.HCl

OH

NH2
.HCl

Scheme 68

CHO
Ph

Me

CHO
Pha

+
Ph

(58%) (10%)

a
+

Ph
Me

O

+
Ph

Me

a

(36%) (7.5%) (4%)

CHO
Ph

Ph

+
Ph

Ph

(73%) (3.5%)

a

CHO

Ph

+ Ph

(32%)
(10%)

a

+ Ph CHO+ Ph

(34%) (33%)

O

O

Ph

Me

O

Ph

Ph

O

Ph

Ph

O

Ph CHO

(18%)

(a) Mo(CO)6, MeO(CH2)2OMe, 85 8C

Ph

Ph

Ph
CHO+

Ph

Ph

a

Ph
Ph

O

+

(75%) (3%) (8.2%)
O

Ph

Ph
Scheme 71
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Scheme 74

Owing to its acidic properties, molybdenum(VI) dichlor-

ide dioxide serves as an efficient catalyst for the methanol-

ysis of a wide range of epoxides (Scheme 75 ).135

Scheme 75

If epoxides react with methanol in the presence of an

oxidant, oxone, the reaction does not stop after methanol-

ysis, but is accompanied by oxidation of the formed OH

group to the oxo group (Scheme 76).135

Scheme 76

On treatment with acetone in the presence of MoO2Cl2,

epoxides are converted to acetonides (Scheme 77).135

Scheme 77

Molybdenum compounds were used to convert a num-

ber of 1,2-diols, usually prepared from epoxides, to alkenes.

The process comprising deoxygenation and dehydration

occurs under drastic reaction conditions (Scheme 78).136, 137

Scheme 78

VIII. Molybdenum complexes in halogenation
reactions

Molybdenum complex 90b containing tris-tert-butylphenol-

amine in the coordination sphere and MoO2Cl2, which are

stable in acidic aqueous solutions, catalyze the oxidative

halogenation of aromatic compounds, in particular,

1,3,5-trimethoxybenzene, with tetra-n-butylammonium bro-

mide or chloride (TBAB or TBAC) and hydrogen peroxide

(Scheme 79).102

Scheme 79

X [Mo] t1/2 (H2O2) /min Yield (%)

Br 90b 24 99

Br MoO2Cl2 24 99

Cl 90b 7 20

It is noteworthy that vanadium compounds are more

active catalysts for these reactions.138

Chlorination of adamantane and its derivatives with

CCl4 , which serves as the source of chlorine, in the presence

of molybdenum hexacarbonyl has been reported.139 In the

case of 1-hydroxymethyladamantane, not only chlorination

of the adamantane cage takes place, but also the alcoholic

OH group is replaced (Scheme 80).

Scheme 80

A more active chlorination catalyst is formed upon the

addition of acetonitrile to Mo(CO)6. The Mo(CO)6 ±MeCN

catalytic system can be used to chlorinate toluene and

xylenes with CCl4 to give benzyl chlorides 109, which then

perform Friedel ± Crafts alkylation of the initial methylar-

O

Mo

O

O

O

Ph

N

2

[Mo] =

O

R
Ph+ PPh3

[Mo]

PhMe, 110 8C,
18 h (86%)

+ Ph3P O

(80%)

R=Ph, 3,4-(MeO)2C6H3CH2, PhOCH2, 4-HOC6H4OCH2, BnOCH2,

TsOCH2, AllOCH2, Hex, 4-HOCH2C6H4OCH2, etc.; Ts=4-MeC6H4SO2

O

R
+MeOH

MoO2Cl2

50 8C, 1 ± 5 h

(R = Ph)

(R = CH2R
0)

Ph
OH

OMe

(95%)

R
OMe

OH

(57%±92%)

OMe

O

(80%)

O
a

OMe

OMe
O

a

(59%)

R

R=H, OH, CHO, OSiButMe2

O

R OMe
O

R
a

(65%± 80%)

(a) MeOH, KHSO5, MoO2Cl2

O

R= n-C5H11, BnO,

TsO, CH2=CHO

a
R

OMe

(58%±85%)

O
O

OO

+Me2CO
MoO2Cl2

50 8C, 1 ± 3 h

(52%± 92%)

R=Ph, 3,4-(MeO)2C6H3CH2, PhOCH2, 4-HOC6H4OCH2, BnOCH2,

TsOCH2, AllOCH2, Hex, 4-HOCH2C6H4OCH2, etc.

O

R

O O

R

R
OH

OH
[Mo]

195 ± 200 8C, 16 h
R

(50%± 71% conversion, 3 : 1)

R=Bun, n-C10H21; [Mo]=MoO2Me2(bipy), (NH4)6Mo7O24 ,

MoO2Cl2(bipy)

+
R

O

MeO OMe

OMe

H2O2, TBAX,
[Mo], HClO4

28 8C

MeO OMe

OMe

X

[Mo] : [substrate] : [TBAX] : [H2O2] : [HClO4]=0.05 : 20 : 0.1 : 40 : 20

Cl

CH2ClCH2OH

CCl4,

Mo(CO)6

150 8C, 1 h

CCl4

2 h

(99%)Cl

CCl3

(95%)
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enes to give diarylmethanes 110 [Scheme 81, for m-xylene

(n=1), the total yield of two isomers 110 is given].140

Scheme 81

n Isomer Yield of 109 (%) Yield of 110 (%)

0 50 78

1 ortho 16 74

meta 18 72

para 70 90

Alkyl hypohalites, which are prone to decomposition to

give RO
.
and X

.
free radicals, were generated in situ from

CX4 and alcohols under the action of Mo complexes 139, 140

to be used subsequently to initiate halogenation of alkanes

and cycloalkanes with CCl4 . For example, it was found that

Mo(CO)6 catalyzes chlorination of hexane with CCl4 in the

presence of methanol (CCl4 :MeOH=1 : 1).121 The reaction

gives a mixture of 1- and 2-chlorohexanes (Scheme 82).

Scheme 82

According to iodometric titration data, the reaction

mixture contains `active chlorine'; its concentration after

20 min is 3.5 mg ml71. In the absence of methanol, the

reaction does not proceed.

A similar reaction with the CCl47MeOH7Mo(CO)6
system can be carried out for cyclic hydrocarbons, cyclo-

pentane and cyclohexane, which are selectively converted to

monochlorinated derivatives 111, the conversion being

incomplete (Scheme 83).121

Scheme 83

A twofold increase in the reaction time (170 8C, 6 h)

results in complete conversion of the cycloalkanes, but in

this case, the reaction gives a complex mixture of mono-

(111), di- and trichloro derivatives (1110), the ratio of which

depends on the ring size in the starting hydrocarbon

(Scheme 84).

Scheme 84

n Conver- 111 : 1110 n Conver- 111 : 1110

sion (%) ratio sion (%) ratio

1 87 1.4 : 1 4 95 1.8 : 1

2 97 2 : 1 8 82 1 : 1.4

The reaction of CCl4 with a,o-diols in the presence of

Mo(CO)6 follows a peculiar pathway. Instead of the

expected oxidation, substitution chlorination of one of the

diol hydroxy groups takes place to furnish a,o-chlorohy-
drins in high yields (Scheme 85).119, 122

Scheme 85

IX. Molybdenum complexes as catalysts of the
Kharasch reaction

Molybdenum complexes are effective catalysts of the Khar-

asch reaction Ð the addition of halomethanes to alkenes.141

A distinctive feature of Mo catalysts compared with

classic copper- and iron-based catalysts of telomerization is

the regioselectivity of addition of the Cl
.
and

.
CCl3 radicals

to a multiple bond. It is worth noting that molybdenum

complexes show a significant activity in the Kharasch

reaction when combined with nucleophilic co-initiators.

For example, molybdenyl acetylacetonate [MoO2(acac)2]

activated by triethylamine catalyzes the regioselective addi-

tion of CCl4 to styrene to give 1,1,1,3-tetrachloro-3-phenyl-

CCl4, Mo(CO)6

170 8C, 1 h

CH2Cl

Men

109

170 8C, 2 h

Men+1Men

110

Men

Men

Bun + CCl4
Mo(CO)67MeOH

150 8C, 6 h
Bun

Cl
+ Bun

Cl

(81% conversion, 1 : 19)

n

+CCl4
Mo(CO)67MeOH

170 8C, 3 h

Cl

n

n=1 (70% yield), 2 (68%)

111

n

Cl

170 8C, 6 h

Mo(CO)67MeOH
+ CCl4

n

+

n

Clm

111 1110

m=2, 3

HO(CH2)nOH+CCl4
Mo(CO)6

140 8C, 3 h
Cl(CH2)nOH

n= 3 (98% yield), 4 (98%), 5 (95%), 6 (98%), 7 (87%), 9 (74%),

12 (48%)

CCl4,

MoO2(acac)27NEt3

PhMe, 80 8C, 24 h,
(79% conversion)

Cl
CCl3

(67%)

[styrene] : [CCl4] : [MoO2(acac)2] : [NEt3]=100 : 400 : 1 : 5

R R
CCl3

Cl

a

CCl3

Clnn

a

n=1 (23% yield), 3 (88%);

(a) CCl4, Mo(CO)6, MeCN, 80 8C

R=Bun (80% yield), n-C5H11 (85%)

Scheme 86
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propane in a 53% overall yield (Scheme 86).142 Acetonitrile

was proposed as a nucleophilic co-initiator to activate

Mo(CO)6 (see Scheme 86).143

Relatively active Mo catalysts for the addition of CCl4
to alkenes are formed when alcohols are used as nucleo-

philic co-initiators (Scheme 87).120 In the authors' opinion,

the beneficial effect of alcohols is due to the in situ

generation of alkyl hypochlorites, which are prone to

decomposition with the formation of the RO
.
and Cl

.

radicals. According to iodometric titration, `active chlorine'

(1.3 ± 2.1 mg ml71) is present in the reaction mixture con-

taining CCl4 , methanol, Mo(CO)6 and alkene; this is

indicative of the formation of methyl hypochlorite, which

is likely to initiate, together with Mo(CO)6, the reaction of

CCl4 with alkenes.

Scheme 87

Despite the drastic conditions (140 8C), the addition of

CCl4 to linear alkenes is highly regioselective: the reaction

gives unbranched isomers.120

The addition of CCl4 to norbornene in the presence of

Mo(CO)67MeOH proceeds very readily and selectively. As

a result, one out of the four possible isomers Ð 2-endo-

chloro-3-exo-trichloromethylbicyclo[2.2.1]heptane Ð is

formed in a quantitative yield (Scheme 88).120

Scheme 88

Norbornadiene reacts with the CCl4 ±MeOH±Mo(CO)6
system in a similar way to give two isomeric products in

equivalent amounts (Scheme 89).120, 125

Scheme 89

However, 7-tert-butoxynorbornadiene (112) reacts with

the CCl47MeOH7Mo(CO)6 system in a different way: the

reaction gives 7,7-dimethoxynorbornadiene (113) in a quan-

titative yield (Scheme 90).120, 125, 144

It is evident that product 113 is formed stepwise: the first

step is transesterification of substrate 112 with methanol,

and the subsequent oxidation of 7-methoxynorbornadiene

(114) with methyl hypochlorite gives rise to the final

dimethoxynorbornadiene. The structure of product 113 is

indicative of the in situ formation of methyl hypochlorite.

The presence of MeOCl in the reaction mixture is addition-

ally confirmed by the data of iodometric titration: the

concentration of `active chlorine' is 1.3 ± 2.0 mg ml71.

This transformation is specific and proceeds only with

the participation of methanol. The attempts to extend it to

other alcohols Ð ethanol and propan-1-ol Ð were unsuc-

cessful: the reactions of 7-tert-butoxynorbornadiene (112)

with these alcohols stopped after the transesterification step

(Scheme 91 ).116, 141, 142

Scheme 91

Cycloocta-1,5-diene reacts with CCl4 under the action of

Mo(CO)67MeOH. The reaction requires drastic conditions

(150 8C, 8 h) and is complicated by the transannular rear-

rangement characteristic of this substrate (Scheme 92).

Scheme 92

When the reaction is carried out in the presence of

water, the yield of product 115 decreases to 37% and the

selectivity decreases as a result of formation of 1,4- (116a)

and 1,5-epoxycyclooctanes (116b) (Scheme 93).128

Scheme 93

A special case of molybdenum catalysts for the addition

of CCl4 to alkenes is the binuclear complex Mo2(CO)6(Z5-

Cp)2 (117), which exhibits activity without nucleophilic co-

initiators.145 ± 147 Drawbacks of this catalyst include the

difficulty of preparation as well as drastic reaction condi-

tions and a long reaction time (Scheme 94). In the reactions

of alkenes with CCl4 and CO, the product ratio is deter-

mined by the nature of the substrate; in the case of ethylene

(R=H), only acid chloride is formed (see Scheme 94).

R
+ CCl4

Mo(CO)67MeOH

140 8C, 3 h
RCl3C

Cl

R=Prn (85% yield), n-C5H11 (94%)

+ CCl4
Mo(CO)6, MeOH

78 8C, 8 h

CCl3

Cl(100%)

CCl3

Cl (99% conversion, 1 : 1)

75 8C, 8 h

CCl4, Mo(CO)6,
MeOH

+

CCl3
Cl

OR

100 8C, 3 h

Mo(CO)6, ROH
+ CCl4

OBut

112

R=Et (96% yield), Prn (68%)

+ CCl4
Mo(CO)6, MeOH

150 8C, 8 h

Cl

CCl3

115 (72%)

150 8C, 6 h

Mo(CO)6, H2O
+ CCl4

115Cl

CCl3

+ O + O

116a 116b

(43% conversion, 19 : 2 : 1)OBut

+ CCl4
Mo(CO)6, MeOH

75 8C, 3 h

112

H OMe

114

MeOCl

MeO OMe

113 (99%)

Scheme 90
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Scheme 94

R Acid chloride : tetrachloride (by mass)

Me 0.59

Et 1.71

Bun 1.52

The same molybdenum complex 117 catalyzes the reac-

tion of alkenes with methyl trichloroacetate, resulting in a

mixture of acyclic ester 118 and lactone 119, with the latter

predominating (Scheme 95).147

X. Allylic alkylation of C-nucleophiles

Like Ni, W, Pd, Rh, Ru and Ir compounds, molybdenum

complexes are efficient catalysts of allylic alkylation of

C-nucleophiles.15, 148 This reaction, which is known in the

literature by the names of discoverers, Tsuji and Trost, has

aroused considerable interest of researchers since the 1970s,

because the formation of a new C7C bond is accompanied

by the appearance of a chiral centre, which creates prereq-

uisites for asymmetric induction. The allylic alkylation,

including the asymmetric allylic alkylation (AAA), induced

by molybdenum complexes has been studied in detail in

relation to the reactions of allyl acetates, allyl carbonates

and allyl phosphates with sodium dimethyl malo-

nate.16, 149 ± 157

Molybdenum catalysts for allylic alkylation have a

number of distinctive features: they are tolerant to most

functional groups in the reactants; furthermore, they facil-

itate the selective formation of branched isomers, which is

of prime importance for the targeted synthesis of chiral

compounds.149 ± 151 The focused studies of Trost and co-

workers demonstrated that the addition of chiral ligand

(R,R)-120a to a Mo-containing catalyst makes it possible to

perform allylic alkylation to give, for example, products

121a,b, 122 and 123a,b with enantioselectivity of up to 99%

(Scheme 96).152 ± 154

The most brilliant achievements of the asymmetric

allylic alkylation are also associated with the works of

Trost, who introduced a large library of chiral ligands,

(S,S)- and (R,R)-diaminocyclohexane derivatives, into the

synthetic practice. Ligands (R,R)- and (S,S)-120, (R,R)- and

(S,S)-124 and (R,R)- and (S,S)-125 are commercially avail-

able compounds. The interest in these ligands is reasonable,

because they provide a nearly 100% enantioselectivity of the

allylic alkylation.

The Trost catalysts are unstable in air, but they are

prepared from Mo(CO)6 , which is stable under ambient

conditions. Therefore, in some papers, Mo(CO)6 activated

by microwave (MW) radiation 155 is taken as the alkylation

catalyst, while chiral ligands, 1,2-bis(pyridine-2-carboxami-

do)cyclohexane derivatives (R,R)-120a ± g, are added; in this

case, the product yield and the reaction enantioselectivity

can be increased to almost 100% (Scheme 97).16, 156

CCl4, 117

120 8C, 20 h CCl3

Cl(47.5%)

CCl4, CO (60 ± 200 atm),

117

91 ± 120 8C, 15 h
R

C(O)Cl

CCl3
+ R

Cl

CCl3
R

R2

R1 CCl3CO2Me,

117

150 8C, 16 h R2

R1

Cl

CCl2CO2Me+ O

R1

R2

O

Cl

Cl

118 119

Scheme 95

R1 R2 Yield (%) R1 R2 Yield (%)

118 119 118 119

Bun H 6.8 68.3 n-C5H11 H 10.2 73.8

Et H 4.4 50.8 Me Me 13.6 42.1

N

R1

R2

O +
OCO2Me

N

R1

R2

O

122

Ph OCO2Me +NaCH(CO2Me)2

Ph

MeO2C CO2Me

121a

+

(121a : 121b=49 : 1, for 121a, ee is 99%)

Ph

121b

(a) (EtCN)3Mo(CO)37(R,R)-120a (1 : 1.5), THF, rt, 3 h

(a) Mo(Z3-C7H8)(CO)37(R,R)-120a (1 : 1.5), LiOBut, THF, rt

a

a

(a) Mo(Z3-C7H8)(CO)37(R,R)-120a (1 : 1.5), NaOBut, THF, 60 8C

N

Ph

R

O+ Ph OCO2Me
a

N

R

O

Ph

Ph

+
N

R

O

Ph

Ph

123a 123b

C7H8 is cycloheptatriene; (R,R)-120a=

CO2Me

CO2Me

Boc=C(O)OBut

N
H H

N
OO

N N

Scheme 96

R1 R2 Yield of 122 (%) ee (%)

Me Me 99 81

Me Bn 93 75

Pri Me 96 91

Pri Bn 98 85

R Yield of 123a+123b (%) 123a : 123b ratio ee (%)

Boc 91 5 : 1 93

MeOCH2 90 19 : 1 92

Bn 85 17 : 1 90

Me 88 18 : 1 92
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There are numerous known examples of the successful

use of Mo-catalyzed allylic alkylation for the synthesis of

chiral compounds, which are described in a number of

papers, reviews and monographs.15, 16, 148, 155 ± 157 A remark-

able example of such reactions was reported by Trost et

al.,158 who performed the total synthesis of the natural

polycyclic alkaloid, (7)-perophoramidine (126), which has

a marked anticancer activity (Scheme 98).

In addition to allylic alkylation, molybdenum complexes

catalyze the allylic amination. Srivastava et al.159, 160

accomplished allylic amination of phenylhydroxylamine

under the action of molybdenum dioxo complexes and

obtained products 127 in moderate or low yields

(Scheme 99).

XI. Oligomerization reactions

Molybdenum hexacarbonyl catalyzes dimerization of

norbornadiene and its derivatives according

to the [4p+4p] pattern to give heptacyc-

lo[6.6.0.02,6.03,13.04,11.05,9.010,14]tetradecanes 128. Despite

the low yields, which depend on the reaction conditions

and time, the reaction is distinguished by high selectivity to

dimers 128 (Scheme 100).161 ± 164

N N

OO

R

R PPh2 Ph2P R

R
H H

(R,R)-124, (R,R)-125
R=H (124),

R7R is benzo (125)

Structures 124, 125

Ph OCO2Me

Mo(CO)67(R,R)-120 (4 mol.%),

CH2(CO2Me)2, NaCH(CO2Me)2, BSA

MW, THF

Ph

MeO2C CO2Me

+
Ph

CO2Me

CO2Me*

121a 121b

(R,R)-120a ± g=

N N
OO

N N R1R1

R2 R2

H H

BSA is bis(trimethylsilyl)acetamide

Scheme 97

(R,R)-120 T /8C t Yield of 121a : 121b ee (%)

/min 121a+121b ratio

(%)

a 160 6 80 19 : 1 98

b 150 15 37 16 : 1 97

c 165 5 46 13 : 1 98

d 165 4 88 41 : 1 >99

e 165 6 89 74 : 1 96

f 170 12 91 88 : 1 96

g 165 5 30 13 : 1 79

Com- R1 R2 Com- R1 R2

pound 120 pound 120

a H H e Cl H

b NO2 H f pyrrolidino H

c But H g H Me

d OMe H

N

O

Br

BocHN

H

(89%, 97% ee)

N

N N

N

Me

Br

Cl

Cl
H

126 (4%)

...

[Mo]= (C7H8)Mo(CO)37(S,S)-120a, TBS=SiButMe2

TBSO

N

O

CO2Me

OP(OEt)2

NHBocBr

O

[Mo] ±AAA
+

TBSO
Scheme 98

R1 R3

R2
+ PhNHOH

[Mo]

dioxane, 100 8C, 8 h

R1 R3

NHPh
R2 + H2O+ PhNH2 + PhN=N(O)Ph

[Mo]=MoO2(dipic)(HMPA), MoO2(dtc)2 (dipic is pyridine-2,6-

dicarboxylate)

127

Scheme 99

R1 R2 R3 Yield of 127 (%)

Me Me Prn 52

Me Me H 42

H H Bn 11

H (CH2)4 4

OC
CO

OC CO

R1 R2

Mo(CO)6 (0.33 equiv.)

100 ± 140 8C, 90 ± 240 h

R1 R2

Mo

R1

R2

R1

R2

Mo

OC

OC

R1 R2

R1
R2

128

R1=H: R2=H (29%± 40% yields), OBz (3%), OBut (14%);

R17R2=(CH2)4 (13%)

Scheme 100
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Molybdenum complex 129 with (1R)-(+)-pinocarvone

coordinated to the metal in the Z4-fashion induces [6+2]-

cycloaddition of cycloheptatriene to (1R)-(+)-pinocarvone

(Scheme 101).165

Scheme 101

Molybdenum complexes are efficient catalysts for cyclo-

dimerization of buta-1,4-diene to give 4-vinylcyclohex-1-

ene; the reaction is carried out in a CCl47MeOH mixture

(Scheme 102).166

Scheme 102

Molybdenum pentachloride reduced by main group

metals (Al, Sn, In, Mg, Li) catalyzes cyclotrimerization of

alkynes in dimethoxyethane (DME).167 According to

authors' assumption, Mg, Li Al, Sn and In are converted

under reaction conditions to the metal halides, which are

Lewis acids and catalyze alkyne cyclotrimerization together

with the reduced Mo form. The product yields depend on

the acidity of metal chlorides and decrease in the following

sequence: AlCl3>SnCl4>MgCl2>LiCl. The highest

yield of oct-1-yne cyclotrimers (1,2,4- and 1,3,5-tri-n-hexyl-

benzenes) was obtained with the MoCl57Al system

(Scheme 103).

Scheme 103

A relatively active catalyst for acetylene cyclotrimeriza-

tion is formed if metallic zinc is used to reduce MoCl5
(Scheme 104).168

Scheme 104

Molybdenum hexacarbonyl catalyzes the cyclotrimeri-

zation of acetylenes in the absence of a reducing agent

(Scheme 105).169, 170

Scheme 105

XII. Catalysis of C7C bond formation

The discovered possibility of direct Mo(CO)6-catalyzed

cyanation of adamantane and diamantane (101) with ace-

tonitrile is of high synthetic potential. 171, 172 The reaction

requires the presence of tetrabromomethane and proceeds

at 140 ± 160 8C for 6 h. In the case of adamantane, the yield

of 1-cyanoadamantane is 85%. 1-Bromoadamantane is

formed as a side product. Diamantane (101), the second

representative of the diamondoid homologous series, under-

goes a similar reaction with acetonitrile to be converted to a

mixture of four products: 1- and 4- cyanodiamantanes, 1-

and 4-bromodiamantanes (Scheme 106).
Scheme 106

When the reaction is carried out in water and tetrabro-

momethane is replaced by CBrCl3, the route of adamantane

and diamantane reactions with acetonitrile changes towards

amidation.173, 174 As side products, the reactions give bro-

minated adamantane and diamantane derivatives

(Scheme 107).

The catalytic cyanation of the C7H bond can be

accomplished with trimethylsilyl cyanide (Me3SiCN),

which reacts with N-aryltetrahydroisoquinolines in the

presence of oxygen to give 1-cyanotetrahydroisoquinolines

(a-aminonitriles) in high yield. This reaction is efficiently

catalyzed by MoO2(acac)2 (Scheme 108).175

(a) 129 (5 mol.%), THF, 50 8C: Ar,

12 h or in air, 1 h

+

O
a

O

(94%)

129= Mo
CO

CO

O

O

2
[Mo]

140 8C, 3 h

[Mo]=Mo(CO)6 (95% yield), MoO2(acac)2 (99%)

[alkyne] : [MoCl5] : [Al]=3 : 1 : 1

MoCl57Al

DME, 50 8C, 3 h

Hex

Hex

Hex

+

Hex

Hex Hex

(90% conversion, 8 : 1)

Hex

Ph

Ph

Ph

Ph

PhPh

+
MoCl57Zn

THF, 65 8C, 1 h

(80% conversion, 0.6 : 1.0)

Ph

EtO2C

EtO2C

Br

Br

CO2Et

CO2Et

CO2Et

CO2Et

CO2EtEtO2C

EtO2C +
Mo(CO)6, PhMe

60 8C, 8 h

EtO2C

EtO2C
+

(100% conversion, 3 : 1)

Mo(CO)6

THF, 65 8C

(65%)

BrCN

+

(100% conversion, 5.7 : 1)

MeCN, CBr4

Mo(CO)6, 140 ± 160 8C, 6 h

MeCN, CBr4

Mo(CO)6, 140 ± 160 8C, 6 h

(68% conversion, 7.5 : 5 : 1.5 : 1)

Br

Br

++

CN

+

CN101
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Scheme 108

The hexacarbonyl Mo(CO)6 successfully catalyzes the

Friedel ± Crafts reaction, in particular, alkylation of anisole

with styrene and its derivatives (Scheme 109).176

Scheme 109

R1 R2 R3 Yield (%) Selectivity

(ortho :meta : para)

H H H 96 1 : 0 : 4

H Me H 79 1 : 0 : 12

H H Me 79 1 : 0 : 4

OMe H Me 97 1 : 0 : 19

Me H H 92 1 : 0 : 9

Reactions of the same type proceed with cyclohexene

derivatives, some alcohols and 2-phenyloxirane

(Scheme 110).

The best catalyst for the Friedel ± Crafts acylation of

aromatic compounds with benzoyl chloride is MoO2Cl2
(Scheme 111, the reaction gives the para-isomer or a mix-

ture of para- and ortho-isomers in which the former pre-

dominates).177

The reactions are carried out without a solvent or in

bromobenzene under reflux. Attention is attracted by the

relatively low consumption of MoO2Cl2 (20 mol.%),

whereas the classic Lewis acids (AlCl3 and FeCl3) are

usually taken in stoichiometric amounts.

Molybdenum hexacarbonyl catalyzes an unusual reac-

tion of thiophene derivatives 130a ± c with carbon tetra-

chloride and alcohols, resulting in the formation of alkyl

thiophene-2-carboxylates 131 ± 133 (Scheme 112).178

Scheme 112

R Yield (%) R Yield (%)

131 132 133 131 132 133

Me 65 77 24 Prn 7 63 7
Et 30 55 7 Pri 50 52 7

According to authors' assumption,178, 179 this sophisti-

cated reaction starts with the catalytic alkylation of thio-

phenes 130a ± c with carbon tetrachloride and ends with the

subsequent alcoholysis of 2-trichloromethyl-substituted thi-

ophenes. In the case of 2-bromo- and 2-iodothiophenes

(130b,c), 5-chlorothiophene-2-carboxylates are also formed

as a result of exchange reaction involving CCl4.

The dichloride dioxide MoO2Cl2 catalyzes the reaction

of ethyl diazoacetate with aldehydes. The reaction proceeds

via the insertion of ethoxycarbonylcarbene into the C7H

N
R

+Me3SiCN

MoO2(acac)2,
O2 (1 atm)

80 8C, 17 h N
R

CN

[substrate] : [Me3SiCN] : [MoO2(acac)2]=0.5 : 1 : 0.05 ;

R=Ph (80% yield), 4-MeOC6H4 (82%)

OMe

+

R2

R3

R1

Mo(CO)6

80 8C, 20 ± 70 h OMe

R3

R2

R1

S
X
+ CCl4 + ROH

Mo(CO)6

1508C, 6 h
S

CO2RX

130a ± c 131 ± 133

X=Cl (130a, 131), Br (130b, 132), I (130c, 133)

X = NHAc

Mo(CO)6, 140 8C, 2 h

MeCN, H2O, CBrCl3

(100% conversion, 9 : 1)

+

NHAc Br

Mo(CO)6, 140 8C, 2 h

MeCN, H2O, CBrCl3

(100% conversion, 2 : 1 : 0.5 : 0.4)

X

+

X

Br

+

Br

+

101

Scheme 107

OH

OH

R

Ph

OMeR
a

a
OMe

(73%, o :m : p=1 : 0 : 32)

a
OMe

(91%, o :m : p=1 : 0 : 4)

O

a

Ph

OH

OMe

(21%, o :m : p=1 : 0 : 4)

(a) MeOPh, Mo(CO)6

For R =H: 120 8C, 40 h (28% yield; o :m : p=1 : 0 : 1);

for R =Me: 80 8C, 20 h (94% yield; o :m : p=1 : 0 : 27)

Scheme 110

R1 C(O)Cl + R2
MoO2Cl2 (20 mol.%)

D, 20 h

R1

O

R2

(50%± 85%)

R1=Me, Cl, OMe, NO2; R2=Me, OMe, SMe

Scheme 111
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bond of the aldehyde and results in esters of b-ketoacids
(Scheme 113).180

Scheme 113

Molybdenum complexes catalyze one more reaction of

diazo compounds, namely, the reaction of ethyl diazoace-

tate or a-diazoacetophenone with acrylic monomers (ethyl

acrylate, acrylonitrile and methacrylonitrtile), which pro-

ceeds as cycloaddition to give products 134

(Scheme 114).181

Scheme 114

R1 R2 Yield of 134 (%)

R3=Ph R3=OEt

H CO2Et 72 31

H CN 77 46

Me CN 25 79

Molybdenum pentachloride in nitromethane catalyzes

the cross-coupling of aromatic compounds with benzyltri-

methylsilane, functioning simultaneously as an oxidant and

a source of chlorine (Scheme 115).182

Scheme 115

An original method for C7C bond formation was

reported by Hirao et al.183 Trimethylstyrylsilane reacts

with 1-ethoxyethyl phenyl sulfide in the presence of MoCl5
to give the corresponding (E )-allyl sulfide (Scheme 116).

Scheme 116

XIII. Molybdenum complexes in hydrosilylation,
hydrostannylation and hydrogermylation

Molybdenum complexes are active catalysts for hydrosilyl-

ation of unsaturated compounds with silanes. Molybdenum

hexacarbonyl catalyzes the hydrosilylation of 2,3-dimethyl-

buta-1,3-diene with Et3SiH, (EtO)3SiH or (EtO)2MeSiH.

The activity of Mo(CO)6, unlike those of chromium and

tungsten hexacarbonyls, remains unchanged upon the addi-

tion of ButOOH, which acts as a co-initiator promoting the

formation of radicals (Scheme 117).184

Scheme 117

The hydrosilylation of norbornadiene in the presence of

Mo(CO)6 under UV radiation can involve either one or

both double bonds. 5-Triethyl- or 5-trichlorosilylnorbor-

nene 135, resulting from the monoaddition of R3SiH to the

substrate, undergoes ring opening metathesis polymeriza-

tion under the reaction conditions to give product 136

(Scheme 118).185 When diethylsilane is used, the monosily-

lated derivative is not identified, but a considerable amount

of a disubstituted product is detected apart from the

polymer.

Scheme 118

Molybdenum complexes containing a bis-phosphine

ligand 137 are efficient in hydrosilylation of aldehydes and

ketones, but have low activity towards alkene hydrogena-

tion (Scheme 119).186 Indeed, aldehydes react with methyl-

phenylsilane to give tri- (138) and tetrasubstituted silanes

(139).

The dichloride dioxide MoO2Cl2 and the molybdenum

complex (ArN)Mo(H)(SiH2Ph)(PMe3)3 (140; Ar= 2,6-

Pri2C6H3) 187 ± 190 showed a high catalytic activity towards

the hydrosilylation of aldehydes and ketones at the C=O

group (Scheme 120). The reaction involving complex 140

and phenylsilane afforded a mixture of di- (141) and tri-

substituted silanes (142).

Molybdenum complexes are relatively efficient catalysts

for alkyne hydrostannylation with organotin hydrides.

Kazmaier and co-workers 191 ± 194 investigated the hydro-

stannylation of various functionally substituted terminal

alkynes with Bun
3SnH in the presence of Mo(CO)3(CNBut)3 .

Hydrostannylation was found to mainly follow Markovni-

kov's rule, which is indicative of an ionic mechanism of the

reaction. Hydroquinone (HQ) was added to prevent radical

hydrostannylation (Scheme 121).

RCHO +N2CH2CO2Et

(1 : 1.2)

MoO2Cl2 (2 mol.%)

CH2Cl2, 20 8C, 2 ± 5 h R OEt

O O

R=Ph (90% yield), 2-Naph (73%), 4-MeC6H4 (85%),

4-MeOC6H4 (83%), 3,4,5-(MeO)3C6H2 (88%), 4-O2NC6H4 (92%),

4-BrC6H4 (82%), 2-Py (84%), 2-Fu (87%), Bn (95%), Am (95%);

Fu is furyl

R1

R2

+
R3N2

O

Mo(CO)6

65 8C, 7 ± 8 h

R1

R2

O

R3134

Me3Si
+ ArH

MoCl5, MeNO2

20 8C, 1 h

Ar
+Me3SiCl + HCl +MoCl3

ArH=PhH, PhMe, 1,3-Me2C6H4, PhCl, PhF

Ph

SiMe3

+

PhS

EtO

Me
MoCl5

CH2Cl2

Ph SPh

Me(42%)

SiEt3
+

SiEt3

(98%, 92 : 8)

Si(OEt)3

Si(OEt)2Me

(72%)

(89%)

Et3SiH

(EtO)3SiH

(EtO)2MeSiH

a

(a) Mo(CO)67ButOOH, 100 8C, 24 h

+ R3SiH
Mo(CO)6, hn

rt, 2 h,7CO

R3Si 135

R= Et, Cl

SiR3

n

136
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Scheme 121

Norbornadiene was hydrostannylated in the presence of

Mo(CO)6 and Mo(CO)4(Z4-nbd) (143, nbd is norborna-

diene) under UV irradiation.195 The reaction was carried

out in an NMR tube (Scheme 122).

Scheme 122

Molybdenum carbonyls catalyze the hydrogermylation

of norbornadiene with triethylgermane. The reaction was

carried out for stoichiometric amounts of Mo(CO)4(Z4-nbd)

(143) and Et3GeH under UV irradiation (Scheme 123).196

Scheme 123

XIV. Molybdenum complexes as catalysts of
reduction reactions

Molybdenum alcoholates catalyze the reduction of sulfox-

ides with silanes to give the corresponding sulfides. The

reduction of methyl phenyl sulfoxide in the presence of

Mo2(OBut)6 was conducted to study the effect of the nature

of silanes and solvents on the reaction route. The best

results were obtained with phenylsilane in THF

(Scheme 124).66

Scheme 124

Treatment of azides with phenylsilane in toluene in the

presence of MoO2(S2CNEt2)2 leads to their reduction to

give amines.197 The reaction is chemoselective and can be

R

SnBun3

+ R
SnBun3

[(6 ± 19) : 1]

R=CH2OH, CH2OTHP, CH(Me)OTBDPS,

N

O

Boc

, etc.

+ Bun3SnH

Mo(CO)3(CNBut)3 (2 mol.%),

HQ (10 mol.%)

THF
R

THP is tetrahydropyran-2-yl,

TBDPS=SiButPh2

+ R3SnH
[Mo], hn

n-C7H16,

rt, 2 h

SnR3

+

(1 : 1)

SnR3

[Mo]=Mo(CO)6, Mo(CO)4(Z4-nbd); R=Bun, Ph

CO

CO

CO
Mo + Et3GeH

hn

C6D12, 263 K

143

CO

CO

CO

Mo

CO

H

GeEt3

GeEt3
+

GeEt3

(76%) (24%)

O

[substrate] : [Mo2(OBut)6] : [PhSiH3]=100 : 1 : 100

Mo2(OBut)6, PhSiH3

THF, D, 1 h

S

(>99%)

S
Me Me

R O+ PhMeSiH2

[Mo]

120 8C R O
SiPhMe

2

139

R OSiHPhMe+

138

[Mo]= [Mo(NCMe)3(NO)(137)][BArF4 ];

PPh2

O

PPh2

137= , ArF4 =3,5-(F3C)2C6H3

Scheme 119

R Time /h Aldehyde 138 : 139

conversion (%) ratio

4-MeOC6H4 2.5 29 29 : 0

4-MeC6H4 3 89 65 : 14

4-ClC6H4 2.5 100 82 : 18

4-FC6H4 <3 100 57 : 43

4-NCC6H4 2.5 54 54 : 0

Cy 3 88 64 : 17

2-ClC6H4 0.25 61 61 : 0

Cyclohexen-4-yl 7 90 64 : 26

2-Fu <2 100 53 : 47

2-Thienyl 3 92 67 : 25

PhCH=CH 7 100 100 : 0

R1 R2

O
MoO2Cl2

Me O
SiH3

SiH4

(R1 = H, R2 =Me)

PhMe2SiH R1 O
SiMe2Ph

R2

R1=H: R2=4-F3CC6H4 (100% yield), 4-MeO2CC6H4 (100%);

R1=Me: R2=Ph(CH2)2 (76%)

R1 R2

O

+

R1 O

R2

SiHPh

2

142

PhSiH3, 140

C6D6, 20 8C

R1 O
SiH2Ph

R2

141

Scheme 120

R1 R2 Time /h Yield (%)

141 142

Ph H 0.25 47 53

Me Me 3.4 73 17

N3

R

+ PhSiH3

(1 : 3)

MoO2(S2CNEt2)2 (10 mol.%)

PhMe, 100 8C, 3 ± 6 h

NH2

R

R=CHO (70% yield), OPrn (65%), OBn (94%),

CH=CHCO2Me (91%)

Scheme 125
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carried out for a broad range of functionally substituted

azides (Scheme 125).

Molybdenum hexacarbonyl serves as an efficient cata-

lyst for hydrogenation of a,b-unsaturated carbonyl com-

pounds at the double bond on treatment with

phenylsilane.198 High selectivity of this reaction is note-

worthy: the hydrogen atom adds exclusively to the C=C

bond, while functional groups remain intact and have an

insignificant effect on the reaction route, as the yields of

hydrogenation products reach 100% (Scheme 126).

Scheme 126

Molybdenum hexacarbonyl catalyzes the reductive

dehalogenation of a-haloketones and a-halo-substituted
esters on treatment with PhSiH3 (Scheme 127).199

Scheme 127

Dicarbonyl-bis(oxadiene)molybdenum complexes

Mo(CO)2(O-diene)2 (144a,b) catalyze the reduction of

a,b-unsaturated ketones 145 ± 147 with phenylsilane.200

The reaction is stepwise and proceeds via hydrosilylation

and subsequent hydrolysis of the resulting compounds

under the action of HF (Scheme 128).

Scheme 128

Mono- and dihydrosilanes have also been tested in these

reactions; however, phenylsilane proved to be the best

hydrogen donor. The reduction of a-haloketones with the

Mo(CO)67PPh37PhSiH3 system provides higher yields

than the Pd07PhSiH3 system.

When trihydrosilanes, in particular, PhSiH3 , are used as

hydrogen sources in the presence of MoO2Cl2, the reduction

of carbonyl compounds takes place (Scheme 129).201, 202

Scheme 129

Phenylsilane also hydrogenates rather selectively the

imino group in the presence of MoO2Cl2 (Scheme 130).203

Scheme 130

Molybdenum dichloride dioxide catalyzes the reduction

of sulfoxides with the BH3 complex with THF or with

catecholborane.204 The reaction proceeds at room temper-

ature over a period of 16 h, while a similar transformation

in THF (67 8C) is completed in 15 ± 20 min (Scheme 131).

Scheme 131

A series of papers describe the reduction of the tri-

chloromethyl group to the dichloromethyl group in the

presence of Mo(CO)6.205 ± 208 The hydrogen donors used in

this reaction include isopropyl alcohol, cyclohexanol, n-

butanethiol and triethylsilane (Scheme 132).

R1 R2

O

+ PhSiH3

(1.3 ± 1.5 equiv.)

a

R1 R2

O

R1=Ph, R2=Me; R1=H, R2=NPrn2 , etc.;

(a) Mo(CO)6 (3 mol.%± 5 mol.%), THF, D, 1.5 ± 12 h

R1
R2

O

X

+ PhSiH3

[(120 ± 280) mol.%]

a
R1

R2

O

(75%±100%)

X=Cl, R2=H: R1=Ph, OBun; X=Br, R2=Et: R1=Prn, OEt;

X=Br, R2=H: R1=Pri, Ph, 4-BrC6H4;

(a) Mo(CO)67PPh3 (1 : 3) (4 mol.% ± 11 mol.%),

NaHCO3 (80 mol.%± 250 mol.%), THF, D, 1.5 ± 12 h

PhPh

OHO

OO

Ph

O

O O OH

O

+

+

(86% conversion, 92 : 8)

(95% conversion, 55 : 45)

+

(100% conversion, 60 : 40)

a, 144a

20 8C, 16 h

145

146

a, 144b

20 8C, 3.5 h

a, 144b

50 8C, 6 h

147

(a) 1) PhSiH3, [Mo] (1 mol.%); 2) HF (aq., 5%);

[Mo]=Mo(CO)2(O-diene)2 [O-diene= 145 (144a), 146 (144b)]

R OMe

O a
R OH

R=4-F3CC6H4 (79% yield), 4-ClC6H4 (75%), 4-BrC6H4 (72%),

Bn (81%), n-C7H15 (81%), Prn (80%)

R1 N

O

R2

R3

a
R1 N

R3

R2

R1=Me, R2=H: R3=4-BrC6H4 (56%), 4-ClC6H4 (52%);

R1=Ph, R2=H: R3=Ph (78%), Bn (40%);

R1=R2=4-ClC6H4, R3=H (54%)

N
N

R1=Me: NR2R3= (87% yield), (81%);

(a) PhSiH3, MoO2Cl2, PhMe, D, 20 h

Ph
S

O

CO2Me

a PhS
OH

(75%)

N Ph

R

PhSiH3,
MoO2Cl2

THF, D, 2 ± 24 h

N Ph

R

H

(50%± 97%)

R=H, NO2, CF3, Cl, CO2Me

R S O

2

Red, MoO2Cl2

67 8C, 30 min
R S

2

(93%±95%)

R=Cl, Me; Red=BH3
.THF or

O
BH

O
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Scheme 132

In the presence of MoO(O2)(phox)2 (64) in toluene,

triphenylphosphine reduces diphenyl sulfoxide to diphenyl

sulfide (Scheme 133).101

Scheme 133

The MoCl57NaI7MeCN and MoCl57Zn7THF sys-

tems actively reduce sulfoxides to sulfides under mild

conditions (20 8C, 30 min).209 Under similar conditions,

sulfonyl chlorides are reduced to disulfides. This method is

general for a broad range of sulfoxides and sulfonyl chlor-

ides (Scheme 134).

Scheme 134

Molybdenum dichloride dioxide catalyzes deoxygena-

tion of N-oxides 148, 149 and nitrones 150 on treatment

with PPh3 , which serves as the oxygen acceptor

(Scheme 135).210

Scheme 135

Using MoO2Cl2, a number of indoles and carbazoles

have been synthesized by reductive cyclization of aromatic

nitro compounds in the presence of triphenylphosphine as

the oxygen acceptor.211 The reaction proceeds on refluxing

in toluene and is completed in 16 ± 24 h. The yields of

indoles and carbazoles are moderate to high (Scheme 136).

Scheme 136

The tetrathiomolybdate anion taken in a stoichiometric

amount smoothly reduces b-D-glycosyl azides to the corre-

sponding amines,212 without affecting the polar substituents

(BzO, BnO, AcO, AcNH) (Scheme 137).

Scheme 137

XV. Catalysis of azirine reactions

Under the action of Mo(CO)6, 2-arylazirines are converted

to diarylpyrazines 151 and isomeric dihydropyrazines 152

and 153 (Scheme 138).213

Scheme 138

R Yield (%)

151 152 153

H 44 16 18

OMe 40 28 21

Me 27 21 40

R1CCl3 + R2H
Mo(CO)6

120 ± 140 8C, 3 h
R1CHCl2

(50%±90%)

R1=n-CnH2n+1 (n=5± 8); R2=PriO, CyO, BunS, Et3Si

Ph2S O+ PPh3
(1.5 equiv.)

64 (5 mol.%)

PhMe, rt, 5 min
Ph2S + Ph3P O

(83%)

R1
S

R2

O

(2 mmol)

R1
S

R2

(84%± 96%)

R1=R2=Ph, Bun; R1=Ph: R2=Me, Prn, Pri, Bun, Bn;

R1=Bn, R2=OMe;

(a) MoCl57NaI7MeCN (1.4 mmol ± 10 mmol ± 20 ml);

(b) MoCl57Zn7THF (1.2 mmol ± 3 mmol ± 10 ml)

a or b

rt, 10 ± 30 min

(1 mmol) (85%±95%)

RSO2Cl RSSR
c or d

R=Ph, 4-MeC6H4, 4-BrC6H4, Me;

(c) MoCl57NaI7MeCN (1.2 mmol ± 10 mmol ± 20 ml);

(d ) MoCl57Zn7THF (0.8 mmol ± 3 mmol ± 10 ml)

R

N

R

R

O

N

N

N

O
(85%)

R

148
(72%± 89%)

R= 2-Me, 3-Me, 4-Me, 2-OH, 2-Br, 4-NO2, 2-CO2H, etc.

a

a

N

149

N

O

150

N

N

R

R

(98%)

a

R=H, Me;

(a) PPh3, MoO2Cl2, THF, 65 8C, 10 h;7P(O)Ph3

R

NNO2

R

H

(73%±84%)

R=Me, n-C5H11, Ph, CO2Me

NO2

R

a

(30%± 87%)

R=H, F, OMe, CHO, Ac, CO2Et, CO2H;

(a) PPh3 (2 equiv.), MoO2Cl2 (5 mol.%), PhMe, D, 16 ± 24 h

a

R

N
H

R2

R2
R2

R1

N3

O MoS2ÿ4

MeCN7EtOH (1 : 1),

28 8C, 6 ± 8 h

O

R2

R2
R2

R1

NH2

R1=R2=OAc (96% yield), OBz (96%), OBn (92%);

R2=OAc: R1=NHAc (92%), H (94%);

[azide] : [MoS2ÿ4 ]= 1 : 1

R

R

N

N
+ +

151

R

R

N

N

152

R

R

N

N

H

153

R
N Mo(CO)6

THF,*20 8C
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The conversion route of azirines in the presence of

Mo(CO)6 depends on the nature of the substituent bound

to the three-membered ring.213 When functional groups

such as C=C, C=O and C=N are present in the azirine

moiety, the major reaction route is skeletal isomerization,

resulting in the pyrrole (154), isoxazole (155) and pyrazole

(156) derivatives (Scheme 139).

Scheme 139

Inada et al.214 described the reaction of 2-substituted

3-phenyl-2H-azirines with alkyl acetylene-carboxylates and

-dicarboxylates in the presence of Mo(CO)6 . This reaction

affords 2H-pyrrole (157) or pyrrole (158) derivatives

(Scheme 140).

The reaction of 3-phenyl-2H-azirine with sodium diethyl

malonate in the presence of molybdenum hexacarbonyl

results in the formation of pyrrolidine-2,5-dione

(Scheme 141).215

Scheme 141

XVI. Mo(CO)6-Mediated Pauson ±Khand
reaction

In a number of studies, molybdenum hexacarbonyl has been

used as a catalyst and CO donor in the Pauson ±Khand

reaction.216 ± 220 This reaction is general for molybdenum,

chromium and tungsten hexacarbonyls activated by pro-

moters of various nature (N-methylmorpholine oxide,

DMSO, dithiane or MeCN). The Mo(CO)6 ±DMSO system

is most efficient. Under optimal conditions (100 8C, 12 h),

the Pauson ±Khand reaction can be carried out in the

presence of Mo(CO)6 ±DMSO for a variety of enynes, in

particular, the intermolecular version of the process is

possible. Since Mo(CO)6 serves as the source of CO, it is

taken in a stoichiometric amount (Scheme 142).216

Scheme 142

The Mo(CO)6 ±DMSO system actively catalyzes the

Pauson ±Khand reaction of allenes.217 ± 220 The reaction

proceeds as [2+2+1] addition to give a-methylene- and

a-alkylidene cyclopentenones (Scheme 143).

Scheme 143

N

Ph CO2Me

a

48 h N
Ph CO2Me

H

154 (91%)

N

Ph CHO
O

NPh

155 (81%)

N

Ph
N R

a

24 h

a

24 h

R=H (73% yield), Cl (67%), Me (75%), OMe (96%);

(a) Mo(CO)6, THF,*20 8C

N

N

Ph

R

156

N
Ph

NaCH(CO2Et)2, Mo(CO)6

THF, EtOH, 778 8C, rt, 1.5 h
N

Ph CO2Et

O O

H

(46%)[azirine] : [malonate] : [Mo]=1 : 1.5 : 1

CO2Et

CO2Et

R1

R2

a

R1

R2

O
CO2Et

CO2Et

R2=H: R1=H (76% yield), Me (80%); R1=H, R2=CH2OBn (62%)

X

R
a

X

R

O

R=Ph, X=O (65% yield); R=H, X=NTs (69%)

Ph+
a

Ph

OH

H
(10 : 1)

(50%)

(a) Mo(CO)6, DMSO, PhMe, 100 8C, 12 h

a
R1

R1

OR2

.

.

R1=R2=H (68% yield); R1=Me: R2=H (47%), MeOCH2 (54%)

SiMe3

.R1
a

O

R1
R2

R2

R1=H: R2=n-C7H15 (75% yield, E :Z=2 : 1),

Ph (70%, E :Z=5 : 1); R1=Bun: R2=H (60%), SiMe3 (59%);

(a) Mo(CO)6, DMSO, PhMe, Ar, 110 8C, 10 h

R2O

R1

R1
O

a

SiMe3

O

(30%)

R3

R4N

Ph R1

R2 +
a

N

R4 R3

Ph

R1 R2

157

+

N

Ph R4

R3R1

R2158

(a) Mo(CO)6, C6H6, 35 ± 50 8C, 3 days

Scheme 140

R1 R2 R3 R4 Yield (%)

157 158

Me Me CO2Me CO2Me 28 7
Me Me CO2Et CO2Et 20 7
Me Me CO2Me H 5 7
Ph H CO2Me CO2Me 7 20
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It is noteworthy that molybdenum hexacarbonyl, being

a more efficient catalyst for Pauson ±Khand cyclization of

allenes than the cobalt alkyl complex or (Z5-Cp)2ZrCl2,

provides higher product yields, but it is considerably infe-

rior to the zirconium and cobalt complexes in the stereo-

selectivity. The use of Mo(CO)3(Z6-MesH) (159)

(MesH=1,3,5-Me3C6H3) in this reaction made it possible

to lower the reaction temperature to 80 8C and to conduct

the reaction in benzene (Scheme 144).220

Scheme 144

The Pauson ±Khand reaction was carried out as intra-

molecular cycloaddition in the presence of Mo(CO)6 for

allenamines,221 fluoroallenes 222 (Scheme 145) and bisal-

lene-bisalkynes.223

Scheme 145

Alkynols, for example, alcohols 160 undergo

Mo(CO)5(NEt3)-induced cyclization to give furan deriva-

tives (Scheme 146).224 Similar reactions can be conducted

for epoxide 161 generated from 1-ethynylcyclohexene and

for epoxyalkynes 162 ± 164, which are obtained from alky-

nols (see Scheme 146).

XVII. Aminocarbonylation of halo derivatives

A number of studies are devoted to the application of

Mo(CO)6 as a carbon oxide donor in the synthesis of amides

from amines and aryl halides under the action of palladium

complexes (Scheme 147).225 ± 233

Palladium-catalyzed aminocarbonylation of various aryl

and hetaryl halides with Mo(CO)6 as a source of CO

proceeds best of all in the presence of 1,8-diazobicy-

clo[5.4.0]undec-7-ene (DBU) as a base. Microwave radia-

tion increases the conversion of halides and reduces the

reaction time to 10 min (Scheme 148).234

The synthesis of N(1),N(6)-bis(1S,2R)-2-hydroxy-1-

indanyl-(2R,3R,4R,5R)-3,4-dihydroxy-2,5-bis(2-phenylcarb-

amoylbenzyloxy)hexane-1,6-diamide (165) Ð a HIV pro-

tease inhibitor Ð has been reported. Compound 165

contains four amide moieties, two of which have been

SiMe2Ph

(0.166 mmol)

.

SiMe2Ph159 (0.130 mmol),
DMSO (1.67 mmol),
Ar, PhH

80 8C, 6.5 h

(68%, E :Z=6 : 1)

O

X

Pri3Si

R

F
F

N

O

O

R1

R2

Mo(CO)6, DMSO,

PhMe

80 8C X

SiPri3

R

F

F

.

.

R1=H: R2=H (50% yield), SiMe3 (59%);

R1=Ph, R2=SiMe3 (55%)

X=C(CO2Et): R=H (81% yield), Me (72%), Prn (88%), Ph (75%);

X=NTs: R=H (86%), Me (92%), Prn (81%)

O

N
O R1

R2

O

Mo(CO)6, DMSO,
PhMe, D

Mo(CO)6 + NEt3
hn

Et2O
Mo(CO)5(NEt3)

O

O

(85%)161

O

OH162 O OH

O

MeHO
163

O

HO

Me

(63%)

OH

Me

HO

Me

OH

O

Me
OH164 O

Me

OH
(83%±85%)

HO

Ph

160 O
Ph

(86%)

Mo(CO)5(NEt3)

NEt3, Et2O

Scheme 146

Hal

R

BunNH2, Mo(CO)6,

K2CO3 (aq.), Pd/C

diglyme, MW, 150 8C,
15 min

C(O)NHBun

R

Hal=Br: R=OMe (70% yield), Me (71%), CF3 (75%), Ac (77%);

Hal= I: R=OMe (69%), Me (72%), CF3 (78%), Ac (79%)

R=OMe (63% yield), H (47%), CO2Et (88%);

BINAP is 2,2'-bis(diphenylphosphino)binaphthyl

I

R

BnNH2, Mo(CO)6 (1 equiv.),

Pd(OAc)27BINAP (10 mol.%)

PhMe7MeCN, 80 8C, 1 h

C(O)NHBn

R

Scheme 147

S
I

a
H
N

O

S
(76%)

O

I

a
H
N

O

O (72%)

(a) AllNH2, Mo(CO)67DBU (1 : 3), Pd(OAc)2 (7 mol.%),

MW, 125 8C, 10 min

I

R
a N

O

R H

R=2-Me (76% yield), H (73%), 4-I (76%), 4-OMe (81%)

Scheme 148
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constructed by the aminocarbonylation reaction involving

iodoaryl moieties of the starting compound 166 and aniline

(Scheme 149).235

Sulfonamides, for example, p-toluenesulfonamide, react

with iodoaryls and Mo(CO)6 to give the corresponding

acylated derivatives (Scheme 150).236

Scheme 150

Molybdenum hexacarbonyl can serve as a CO donor in

the synthesis of esters by the reaction of alcohols with aryl

halides induced by Pd catalysts (Scheme 151).237

Scheme 151

R1
n R2 Yield (%)

X=I X=Br

2,3-Benzo Bun 89 64

4-OMe Bun 63 72

2,3-Benzo (CH2)2SiMe3 86 7
2,3-Benzo Bn 76 7
4-OMe (CH2)2SiMe3 74 7
4-OMe Bn 74 7

The reaction of o-bromobenzyl alcohols 238 and o-bro-

mostyrenes 239 with Mo(CO)6 in the presence of Pd catalysts

proceeds in a similar way. In this case, lactones are formed

as the reaction products (Scheme 152).

Scheme 152

XVIII. `Unusual' reactions involving molybdenum
compounds and complexes

Refluxing of amines with a stoichiometric amount of

MoO2(S2CNAlk2)2 (Alk=Me, Et) in toluene affords sub-

stituted thioureas possessing fungicidal, herbicidal and

antibacterial properties (Scheme 153).240

Scheme 153

Molybdenum pentachloride reacts with cyclopropane-

containing compounds Ð phenyl cyclopropyl ketone and

propyl 2-(trimethylsilylmethyl)cyclopropanecarboxylate Ð

along an intricate route. The reaction is accompanied by

opening of a three-carbon ring and chlorination

(Scheme 154).241

In the presence of molybdenum carbonyl complexes,

Mo(CO)6 and (Z5-Cp)2Mo2(CO)6, non-trivial reactions of

anilines with CCl4 and the CCl4+CO system take place to

give benzamidine 167 and quinazolin-4-one 168

S
H2N

OO

R

I

+
MoC(O)6, Pd(OAc)2

R

O

N
S

OO

H

DBU, dioxane, MW,

110 8C, 15 min

R=OMe (88% yield), Me (87%), H (80%), Bz (70%), CF3 (76%)

X

R1
n

O

O

R2

R1
n

R2OH, Mo(CO)67NEtPri2,

Pd/C, DMAP

MW, 150 ± 190 8C, 15 ± 20 min

[ArX] : [Mo(CO)6] : [Pd] : [NEtPri2] : [DMAP]=1 : 0.5 : 0.05 : 2 : 2;

DMAP is 4-dimethylaminopyridine

R2

R1

Br

OH

R3

+Mo(CO)6
a

R2

R1

O

O

R3

[substrate] : [Mo(CO)6] : [Pd(OAc)2] : [dppf] : [DMAP] : [NEtPri2]=

20 : 10 : 1 : 1 : 40 : 40 (dppf is 1,10-bis(diphenylphosphino)ferrocene;
R1=R2=R3=H: (88% yield), Me (75%), F (77%);

R2=R3=H: R1=Me (90%), OMe (84%), Cl (76%);

R1=R2=OMe, R3=H (52%); (a) Pd(OAc)27dppf, DMAP, NEtPri2,

dioxane;

R2

R1 Br

+Mo(CO)6
b

R2

R1

O

O

R1=R2=H (75% yield), OMe (59%); R1=Me, R2=H (77%);

R1=H, R2=F (79%); (b) Pd(OAc)27But3PHBF4, Bu
n
4NCl, PyH,

dioxane, MW

RNH2 +MoO2(S2CNAlk2)2

Alk=Et: R=Bn (72% yield), PhMeCH (68%), Cy (66%), Hex (85%);

Alk=Me: R=Bn (62%), Cy (54%)

PhMe, D

30 ± 40 min
N NAlk2

S
R

H

H2NN
H

OH

OHOH

OH

O

O

O

O

I

I

+

166 (0.050 mmol)

(1.0 mmol)

N
H

H

OH

N

H
N

OH

HOO

O

O

O
O

O

Ph
N

HO

H

165 (54%)

N
H

Ph

Pd(OAc)2 (0.01 mmol)

Mo(CO)6 (0.10 mmol)7DBU (1 : 5),

THF, MW, 110 8C, 15 min

Scheme 149
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(Scheme 155).242 It is noteworthy that quinazolinones 168

are formed as the major products only in the case of

substituted anilines.

Scheme 155

The high Lewis acidity inherent in MoO2Cl2 accounts

for its activity towards acylation of alcohols, amines and

thiols with acid anhydrides (Scheme 156).243

Scheme 156

Yet another reaction in which the acidic nature of

MoO2Cl2 is manifested is the addition of propane-1,3-

dithiol to aldehydes to give cyclic dithioacetals

(Scheme 157).244

Scheme 157

Ammonium molybdate catalyzes the intramolecular

dehydration of N-acylthreonine derivatives 169.245 The

reaction proceeds in the presence of a promoter, penta-

fluorobenzoic acid, and results in the formation of oxazo-

lines 170 (Scheme 158).

Scheme 158

Optically pure (4S,5R)-2-(2-hydroxyphenyl)-5-methyl-

oxazoline-4-carboxylate (170a) obtained in this way was

used for the total synthesis of the highly efficient anticancer

agent BE-70016 (171), which was isolated previously from

marine organisms (Scheme 159).245

Fused isoxazole 172 undergoes a complex transforma-

tion on heating in the presence of Mo(CO)6 to furnish two

compounds 173 and 174. Pyrazole 173 is formed upon

elimination of water and formation of a new ring; the

participation of water in the formation of amino diketone

174 consists, most likely, in hydrolysis (Scheme 160).246

Scheme 160

Refluxing of isoxazoles 175 under similar conditions in a

water ± acetonitrile mixture in the presence of Mo(CO)6
affords b-aminoenones 176 (Scheme 161).247 ± 249

NH2

R

CCl4, [Mo]

150 8C, 16 h

H2N

N

N

Ph

Ph

H

167

CO (50 atm)

(R=H)

(R=Cl)

CO (150 atm)

For 167: [Mo]= (Z5-Cp)2Mo2(CO)6 (89% yield), Mo(CO)6 (94%);

for 168: [Mo]= (Z5-Cp)2Mo2(CO)6 (83%), Mo(CO)6 (82%)

NCl

N

O

C6H4Cl-3

168

Ph(CH2)2OH

RNH2

(R0CO)2O

MoO2Cl2
RNHC(O)R0

(99%± 100%)

R= Bn, Pri, But

RSH
(R0CO)2O

MoO2Cl2
RSC(O)R0

(95%±100%)

R=Me, CF3, CH2Cl, Prn, Pri, But; R
0 =Me, But

Ph(CH2)2OC(O)R0

(99%±100%)

(R0CO)2O

MoO2Cl2

R

O
+HS(CH2)3SH

MoO2Cl2 (5 mol.%)

MeCN, 20 8C, 2 h
S S

R

(56%± 92%)R=Het, Ar, Alk

N

O
HO

CO2Me
HO H

169

HO

O

N
CO2Me

170 (18%± 91%)

a

(a) (NH4)2MoO47C6F5CO2H, PhMe7DMF (9 : 1),

azeotropic distillation, 1 ± 10 h

N

ON
HO

172

(E- and Z-isomer mixture,
1.69 mmol)

a

N

HN O

173

+

O

O

H2N

174

(* 93% conversion, 1 : 2)

(a) Mo(CO)6 (1.34 mmol), MeCN7H2O (1 : 6), D, 2 h

Ph

O

MoCl5

*20 8C, 24 h Ph
Cl

Cl

Cl (34%)

PrnO2C
SiMe3

MoCl5

*20 8C, 20 h
O

Cl O
(45%)

Scheme 154

H

H
O

N

O

CO2MeO

N
N

OH

O

N

HO

171 (BE-70016, 88%)

CO2HN

O

OH (99%)

CO2Me
N

O

OH 170a

LiOH

MeOH7H2O,

0 8C, 2.5 h

a

(a) , WSCI .HCl, HOBt, NEt3, 6 8C, 15 h [WSCI .HCl is 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride,

HOBt is 1-hydroxybenzotriazole]

H2N
NH2

CO2Me

Scheme 159
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Scheme 161

Heating of 3,5-disubstituted isoxazolines 177 in aqueous

acetonitrile in the presence of Mo(CO)6 affords b-hydroxy
ketones 178 (Scheme 162).250

Scheme 162

R1 R2 Yield of 178 (%)

CMe2OH n-C8H17 55

CMe2OH Bn 60

(CH2)2CO2Me n-C10H21 90

(CH2)2CO2H n-C10H21 80

(CH2)2CO2Me n-C12H25 90

Et CH2OTHP 92

CMe2OH 30

Hex (Z)-CH=CHMe 70

4,5-Disubstituted isoxazolines can also be introduced in

this reaction.251

In the presence of Mo(CO)6, substituted 5,6-dihydro-

4H-1,2-oxazines 179 are converted to substituted pyrroles

180 (Scheme 163).252, 253

Scheme 163

R1 R2 R3 Yield of 180 (%)

H Me Ph 69

Me H Ph 72

H Me CF3 51

(CH2)3 Ph 41

(CH2)4 Ph 74

(CH2)2CHButCH2 Ph 51

(CH2)4 CO2Et 70

Alagiri et al.254 described the synthesis of a-amino-

phosphonates 181 by the reaction of N-aryltetrahydroiso-

quinolines 182 with dialkyl H-phosphonates under aerobic

conditions in the presence of MoO3 (Scheme 164).

Scheme 164

Pyridine-activated molybdenum hexacarbonyl catalyzes

the condensation of malononitrile with ketones and alde-

hydes to yield alkylidenemalononitriles (Scheme 165).255

Scheme 165

This reaction proceeds most smoothly with cyclic

C57C12 ketones (Scheme 166).

Scheme 166

Adamantan-2-one also reacts rather actively with malo-

nonitrile (Scheme 167).

Scheme 167

The condensation of aromatic aldehydes with malono-

nitrile proceeds under milder conditions: 20 ± 40 8C, 5 min

to 1 h (Scheme 168).

Scheme 168

Isoxazolidines 183 react with water under the action of

Mo(CO)6 to be converted to the corresponding amino

alcohols (Scheme 169).256

N
O

R1 R2

R3

175

Mo(CO)6

MeCN7H2O,

D, 4 h
H2N

R1 R2

R3

O
176

[substrate] : [Mo]=2 : 1; R1=Ph: R2=H, R3=Ph (90% yield),

R2=R3=H (91%), R27R3=(CH2)3 (81%), (CH2)4 (77%); R1=Me,

R2=H: R3=Ph (80%), Me (91%); R1=CMe2OH, R2=H,

R3=

O
O O

(yield is not indicated)

N O

R1 R2

177

Mo(CO)6

MeCN,

H2O, D
NH OH

R1 R2

O OH

R1 R2

178

H2O

O

O

O
N

R3R2

Me3SiO

R1

179

Mo(CO)6 (1 equiv.)

MeCN, D
N

R2

R1 R3

H

180 (41%± 74%)

MoO3, O2 (1 atm)

MeOH, 60 8C, 24 h

[182] : [HP(O)R2
2] : [MoO3]=1 : 1.1 : 0.05;

181: R1=Ph: R2=OEt (94% yield), OMe (87%);

R1=C6H4OMe-4: R2=OEt (90%), OMe (93%)

N
R1

182

+ P

O

R2

R2

H

N
R1

P

O

R2 R2

181

R1 R2

O

+ CH2(CN)2
Mo(CO)67PyH

20 ± 140 8C, 1 ± 5 h
R1 R2

CNNC

R1=Me: R2=Me (98% yield), n-C5H11 (95%), n-C8H17 (98%),

cyclo-C3H5 (98%), etc.

O

n

+CH2(CN)2
Mo(CO)67PyH

150 8C, 5 h

CN

NC

n

n=1 (99% yield), 2 (98%), 4 (75%), 8 (30%)

CN

CN
O

+CH2(CN)2
Mo(CO)67PyH

140 8C, 5 h

(98%)

ArCHO+ CH2(CN)2

(a) [Mo]7PyH (1 : 4), 20 8C, 5 min; Ar=Ph (99% yield);

(b) [Mo]7morpholine (1 : 4), 20 8C, 5 min; Ar=Ph;

(c) [Mo]7PyH (1 : 4), 40 8C, 1 h; Ar=4-Me2NC6H4 (98%),

4-MeOC6H4 (99%), 1-Naph (98%);

(d ) [Mo]7morpholine (1 : 4), 40 8C, 1 h; Ar=1-Naph

Ar

CN

CN

a, or b,
or c, or d

Mo(CO)6

R.I.Khusnutdinov, T.M.Oshnyakova, U.M.Dzhemilev Russ. Chem. Rev., 2017, 86 (2) 128 ± 163 159



Scheme 169

R1 R2 R3 Yield (%)

Me H Prn 78

Ph H Ph 85

Ph CO2Me Me 88

Me (CH2)3 11

Molybdenum hexacarbonyl catalyzes the exchange reac-

tion between 3-acetoxy-3-methylnon-1-ene (184) and

(Me3Si)3Al .BF3 (Scheme 170).257

Scheme 170

It is worth noting that Mo(CO)6 favours the introduc-

tion of the silyl group into the less hindered position, unlike

palladium complexes used as catalysts.

* * *

The material summarized in the review illustrates the

extensive potential of molybdenum compounds and com-

plexes in the catalysis and organic synthesis and, in our

opinion, would draw attention of researchers and chemical

engineers to this obviously interesting and promising area of

organic chemistry. A characteristic feature and benefit of

molybdenum catalysts is high activity, irrespective of the

metal oxidation state. In most reactions, no auxiliary

reagents, in particular, no reducing agents are needed to

transform molybdenum compounds into catalytically active

species.

In our opinion, for increasing the activity and the scope

of applicability of molybdenum catalysts, it is necessary to

use more efficient activating ligands, to conduct reactions in

supercritical media or ionic liquids and to employ immobi-

lized catalyst forms.
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